HAPTIC VISUALIZATION USING VISUAL TEXTURE INFORMATION by Adi, Waskito
  
 
STATUS OF THESIS 
 
Title of thesis  
 
 
I  WASKITO ADI 
Hereby allow my thesis to be placed at the Information Resource Center (IRC) of 
Universiti Teknologi PETRONAS (UTP) with the following conditions: 
1. The thesis becomes the property of UTP. 
2. The IRC of UTP may make copies of the thesis for academic purposes only. 
3. The thesis is classified as: 
      
     
 
If this thesis is confidential, please state the reason: 
_____________________________________________________________________ 
The contents of the thesis will remain confidential for _____________________ years 
Remark on disclosure: 
_____________________________________________________________________ 





__________________________                       _____________________________ 







      RT 20 RW 05 Senowo, Argorejo, 






   Dr. Suziah Sulaiman 
Department of Computer and 
Information Sciences, 
Universiti Teknologi PETRONAS, 
31750 Tronoh,  
Perak Darul Ridzuan 
Date : 













The undersigned certify that they have read, and recommend to the Postgraduate 
Studies Programme for acceptance of this thesis for the fulfillment of the 
requirements for the degree stated. 
 
Signature  :          
Main Supervisor : Dr. Suziah Sulaiman 
 
Signature  :          
Co Supervisor  : Assoc. Prof. Dr. Abas Md Said 
 
Signature  :          
Head of Department : Dr. Mohd Fadzil Hassan 
 

















Submitted to the Postgraduate Studies Programme  
As a Requirement for  
 
 
DEGREE OF MASTER OF SCIENCE 
DEPARTMENT OF COMPUTER AND INFORMATION SCIENCE 
UNIVERSITI TEKNOLOGI PETRONAS 






Title of thesis :  
 
I     WASKITO ADI                     .  
hereby declare that the thesis is based on my original work except for quotations and 
citations, which have been duly acknowledged. I also declare that it has not been 
previously or concurrently submitted for any other degree at UTP or other institutions. 
 







Waskito Adi                Dr. Suziah Sulaiman 
 
Date : _____________________              Date : __________________ 




This thesis is dedicated to my beloved father, mother and my family 




Thanks to my family especially my parents for their support and love. To my brother 
and also my sister back home, thanks for everything. I hope I can become a useful 
person in our family. 
To UTP academic staffs, I really appreciate and very pleased for the support, 
guidance in accomplishing this work. I would like to express my gratitude and 
appreciation to my supervisor, Dr. Suziah Sulaiman and Assoc Prof Dr Abas Md Said, 
for the guidance, support and valuable advices towards the accomplishments of my 
research works. I also would like to express my gratitude to Mr Low, Ms Nasleeni, 
Mr Sani, and UTP HPC member for the support and opportunity to explore and enrich 
my knowledge in HPC. I would like to express my gratitude to Dr. Ahmad Kamil for 
the opportunity and support during my study at UTP. 
To the university, staffs, and technicians, I am very grateful to have joined the 
Computer and Information Science Department Universiti Teknologi PETRONAS. I 
would like to express my gratitude for all the necessary supports and facilities 
provided by Universiti Teknologi PETRONAS and Postgraduate Studies Programme. 
I wish to thank Mr. Rasky, Mr. Ruslan, and all the technicians at Computer and 
Information Science Department for helping me providing the access and privilege to 
the lab resources for research. For Postgraduate staff, Puan Kamaliah, Encik Kahar, 
and all others I am very grateful and appreciate for their superb support and help 
concerning postgraduate research admission matters. 
To my research partners I would like to express my special gratitude to Pak Bayu, 
Pak Ayok, Pak Dani For helping me in research discussion. I also would like to  thank 
all PG students in Block 2: Aidel, Yunita, Diana, Inung, Pak Arif, Pak Bayu, Kena, 
Desi, and other fellows for their cheerful time and support during my study at 
Universiti Teknologi PETRONAS. I also would like to express my gratitude for all 
PG students in block J for the discussions and supports during my hard time. 
  vii
Special gratitude to all UTP Postgraduate fellows, especially for V5C citizen  ,Pak 
Dani, Pak Rofiq, Pak lava, Pak Wardo, Pak Nikson for their support during the happy 
and hard times. I really feel like at home because of their advices, support and jokes. I 
also express my gratitude to Pak Hudio, Pak Kris, Pak Bayu, Pak Budiagung, Pak 
Agus Arif, and all V5C members, thank for being supportive discussion partners. For 
V4 citizen, Dhani, Cak Shoon, Aryo, Bojon, Duma, Ari, Santi, and all of my friends, 
thank you for every hing, you are superb and great friends to me. For my lab fellows, 
Kana, Rhino, Gaspar, and Charles, thanks for the great time together. 
  viii 
ABSTRACT 
Haptic enables users to interact and manipulate virtual objects. Although haptic 
research has influenced many areas yet the inclusion of computer haptic into 
computer vision, especially content based image retrieval (CBIR), is still few and 
limited. The purpose of this research is to design and validate a haptic texture search 
framework that will allow texture retrieval to be done not just visually but also 
haptically. Hence, this research is addressing the gap between the computer haptic and 
CBIR fields. 
In this research, the focus is on cloth textures. The design of the proposed 
framework involves haptic texture rendering algorithm and query algorithm. The 
proposed framework integrates computer haptic and content based image retrieval 
(CBIR) where haptic texture rendering is performed based on extracted cloth data. For 
the query purposes, the data are characterized and the texture similarity is calculated. 
Wavelet decomposition is utilized to extract data information from texture data. In 
searching process, the data are retrieved based on data distribution. 
The experiments to validate the framework have shown that haptic texture 
rendering can be performed by employing techniques that involve either a simple 
waveform or visual texture information. While rendering process was performed 
instability forces were generated during the rendering process was due to the 
limitation of the device. In the query process, accuracy is determined by the number 
of feature vector elements, data extraction, and similarity measurement algorithm. A 
user testing to validate the framework shows that users’ perception of haptic feedback 
differs depending on the different type of rendering algorithm. A simple rendering 
algorithm, i.e. sine wave, produces a more stable force feedback, yet lacks surface 
details compared to the visual texture information approach. 
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ABSTRAK 
Haptic membolehkan pengguna untuk berinteraksi dan memanipulasi objek secara 
maya. Walaupun kajian haptic telah banyak mempengaruhi pelbagai bidang namun 
integrasi diantara haptic komputer ke dalam visi komputer, terutamanya turun gambar 
berasaskan kandungan (CBIR), masih berkurangan dan terbatas. Tujuan penyelidikan 
ini adalah untuk merancang dan mengesahkan kerangka-kerja haptic tekstur yang 
melibatkan tekstur haptic rendering algoritma dan algoritma carian. Oleh yang 
demikian, kajian ini dapat  mengatasi jurang antara bidang haptic computer dan CBIR. 
Fokus kajian adalah berkisar pada tekstur kain. Haptic rendering tekstur 
dilaksanakan berpandukan hasilan data dari tekstur kain. Untuk keperluan permintaan, 
data ditandakan dan kesamaan tekstur dikira. Dekomposisi wavelet telah digunakan 
untuk mengekstrak maklumat data dari data tekstur. Dalam proses pencarian data 
yang diambil adalah berdasarkan pengedaran data.  
Percubaan untuk memvalidasi framework menunjukkan bahawa rendering tekstur 
haptic boleh dilakukan dengan menggunakan teknik yang melibatkan bentuk 
gelombang sederhana atau maklumat tekstur visual. Semasa proses rendering didapati 
masalah ketidakstabilan mengingati keterbatasan peranti berlaku dan juga profil dari 
tekstur permukaan. Ketepatan dalam proses mencari ditentukan oleh jumlah elemen 
vektor ciri, ekstraksi data, dan algoritma pengukuran kesamaan. Ujian awal pengguna 
untuk mengesahkan rangka menunjukkan bahawa haptic force feedback dirasakan 
pengguna berbeza bergantung pada jenis rendering algoritma yang digunakan. Sebuah 
algoritma rendering mudah, iaitu gelombang sinus, menghasilkan force feedback yang 
lebih stabil, namun kekurangan dalam butiran permukaan berbanding dengan 
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Nowadays, haptic has become one of the most interesting subjects in computer 
science research. Haptics has enabled people to interact better with objects in virtual 
world. Before the existence of computer haptic (CH), people have difficulties 
interacting haptically with the virtual objects on the computer. Once haptic 
technologies are available, people could feel the roughness and stiffness of the virtual 
objects. A common way to interact with such virtual object is by using haptic devices 
such as Sensable Phantom device [1]. Today, most of the haptic research are 
conducted for medical purposes [2-4] although some researchers have explored haptic 
in fabric industries, artwork such as pottery simulation [5], mechanical engineering, 
and other related fields.  
Regardless of the type of haptic applications developed, researchers tend to focus 
on a specific area in order to improve research in CH field. Among the major group of 
areas are the development of haptic rendering algorithm [1, 6-10], 3D modeling for 
haptic visualization [11], and user haptic experience [12].  
With regards to the rendering algorithm, one of the most important aspects in 
haptic rendering process is surface rendering or texture rendering. By employing 
surface rendering on a virtual object, the type of object appearance could be simulated 
[13]. For example, assuming there is a 3D virtual object that has a cube shape. When 
a surface of the object is rendered by employing a rough texture, the object can 
become a brick. Otherwise, if it is rendered by employing a soft texture, it becomes a 
foam cube.  
In parallel to Computer Haptic (CH), Computer Vision (CV) is also a popular 
research area [14-15] closely related to haptic research. Current research works in CV 
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involve both images and signals. The main idea in CV is to develop a system that 
could recognize a particular object. One of the CV sub-topics that deals with visual or 
image searching is Content Based Image Retrieval (CBIR) [14]. Unlike the 
conventional search engines, such as google.com, yahoo.com, and bing.com, that 
search information based on text, CBIR enables a search to be made based on the 
image contents. Research in CBIR is considered more matured and advanced as 
compared to those in CH since CBIR has appeared two decades ago. Thus, techniques 
used in CBIR could be useful to CH research. 
Although research works in CH and CBIR are growing rapidly, very few 
researchers [16] have conducted research by integrating both areas. Nonetheless their 
research approach has created an interest for exploiting both areas further to develop a 
haptic texture search system that could be used for searching information. Specifically 
in the textile industry, the need for search system to retrieve cloth texture haptically, 
has led towards the integration of CBIR techniques into Computer Haptic (CH), thus, 
the essence of this thesis. 
The integration of CBIR into CH is proposed in this thesis to enable searching not 
only based on the content of the images, but also based on the haptic information of 
the object texture in question. Such a haptic search approach might be useful for cloth 
searching, where both visual and haptic texture information of the cloth are equally 
important. 
1.2 Problem Statement 
In a conventional search engine, the term “searching” is about searching 
information in text format. The searching process is based on a specific keyword as an 
input and the end result will be a set of related sentences or similar words. Since text 
searching has reached its advanced stage, other searching methods in other domains 
such as image, speech or voice searching are following a similar approach.  
Nowadays, there are many demands for tools that could help and enable objects 
searching, specifically on fabrics or cloths. Liu et al, [17] stressed that clothes 
searching tool will help users to choose a particular clothes that is similar or matches 
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to the desired design or types. In their particular research, clothes searching tool was 
developed based on visual information as the input and the resulted output was a 
visual representation of the clothes under study. This shows that the outcome of the 
search only contains visual information, but lacks touch or force feedback that could 
improve and enrich the objects’ attribute and information during the search. The 
absence of touch or haptic feedback may deter one from getting a complete 
information of the cloth texture, thus creating a gap in the clothes searching tool.  
The effort to include haptic feedback to feel the textures of a particular textile 
could be found in the work of Magnenat-Thalmann et al [12] in their HAPTEX 
Project. 3D images of the textile are used to simulate the haptic representation of the 
fabric in question; giving a realistic haptic sensation of the textile. However, this 
technique is expensive as it involves equipment that is costly.  
1.3 Objectives and Scope 
The objectives of this research project are: 
• To design a haptic texture search framework that will enables haptic 
texture information of a cloth to be obtained based on its visual texture 
information. 
• To validate and to verify the proposed haptic texture search framework. 
The research focuses on the cloth texture as the main object in the experiments. 
The main research activities involve designing the framework and its validation and 
verification. The framework will be validated in terms of its query performance, and 
stability of haptic rendering, while the verification will be based on user haptic 
perceptions. 
1.4 Thesis Contribution 
The main contributions from this research work are as follows: 
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A proposed haptic texture search framework that will enable haptic texture 
information of a cloth to be rendered based on its visual texture information (Chapters 
3 and 4). This substantive contribution provides ideas for generating haptic force 
feedback of a cloth texture based on the cloth’s visual texture. The intention is to 
obtain a haptic feedback of a cloth similar to that (i.e. haptic sensation) in the real 
world.   
An approach to render the force feedback of a cloth texture (Chapters 3 and 4). This 
methodological contribution demonstrates a way to obtain haptic texture information 
of a cloth based on its visual texture representation.  
The findings from user perception test to validate the haptic texture prototype 
(Chapter 4). This substantive contribution provides information on the extent in which 
the proposed haptic framework could simulate cloth texture. 
The work in this thesis has resulted in the following publications: 
1. Adi, W., Sulaiman, S., (2009), Using Wavelet Extraction for Haptic 
Texture Classification, Lecture Notes in Computer Science, Volume 5857 
(LNCS 5857), pp. 314-325, Springer-Verlag Berlin Heidelberg, ISBN 978-
3-642-05035-0. – Cited book chapter 
2. Adi, W., Sulaiman, S., (2009), Haptic Texture Rendering Based on Visual 
Texture Information: A Study to Achieve Realistic Haptic Rendering, 
Lecture Notes in Computer Science, Volume 5857 (LNCS 5857), pp. 279-
287, Springer-Verlag Berlin Heidelberg, ISBN 978-3-642-05035-0. – 
Cited book chapter 
3. Adi, W., Sulaiman, S. (2010), Haptic Texture Search Engine Framework, 
in Proceedings 4
th
 International Symposium on Information Technology 




1.5 Thesis Organization 
This thesis is divided into five chapters. It started with a background introduction 
and motivation for the research, and followed by problem statement, scope and the 
expected contributions. The structure for the rest of the thesis is described as follows: 
Chapter two elaborates on the fundamental concepts of computer haptic and CBIR 
from literature review. It presents the recent technology from these two areas that are 
related to this thesis. These include describing the existing methods and approaches in 
CBIR and CH that could be applied in the development of the proposed framework.  
Chapter three explains the methodology on how the research will be conducted. It 
starts with an argument for the need to have a haptic texture framework for cloth 
search. This chapter focuses on the implementation of the framework design. It 
presents the design of the research work and describes the development of the haptic 
texture rendering and searching algorithm used in the proposed framework. 
Chapter four focuses on the experimental results that validate the haptic search 
framework, and presents the verification of the proposed framework. The chapter then 
presents the discussion on a validation and verification of the framework.  
Chapter five ends the thesis by concluding the research result and evaluation. The 
chapter highlights the research contributions, presents the limitation of the research 





The purpose of this chapter is to investigate the current issues related to computer 
haptic (CH) and content based image retrieval (CBIR) particularly on those pertaining 
to surface texture. This chapter is organized into four subsections: (i) a description of 
CH, (ii) an introduction ON Computer Vision and CBIR as its subject (iii) a review on 
existing framework for both CBIR and computer haptics, (iv) summary of all sections 
in this chapter.  
2.1 Computer Haptic 
Computer haptic is one of the impressive outcome that results from rapid 
improvement and development in the area of virtual reality. Computer haptic involves 
force feedback that enables users to interact with virtual object in the virtual world. 
Recently computer haptic is becoming an increasingly interesting subject to study, 
especially in modeling 3D simulation, such as virtual surgery, and virtual palpation. 
Since computer haptic is concerned with the interaction between virtual and real 
world, an interface is required to bridge the virtual and real world a haptic device, 
such as phantom haptic device, has been used for that purpose. 
Besides the interface in computer haptic, rendering of virtual objects is performed 
to enable interaction between virtual objects and users. The rendering process itself 
has some methods for rendering the virtual object. For example the rendering a 3D 
object will involve volume rendering, and also surface or texture rendering. Since the 
algorithm of rendering has grown and improved, nowadays haptic rendering also 
involve deformation algorithm, which enables the object to be manipulated. 
At present most of the research in haptic is focusing on developing simulation 
application or modeling. In the medical area for example, application and simulation 
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software have been developed to bridge the practical and simulation during medical 
training. Although most of the researches have been conducted in the medical area, 
some researches are also being conducted in developing fundamental algorithm in 
haptic rendering, such as new haptic rendering algorithm based on NURBS approach 
employed by Thomas [9] and visual object modeling developed by Naghdy [11]. 
The creation of computer haptic involves several components; the main 
components are haptic device and haptic rendering. The interaction between user and 
haptic object is illustrated in figure 2.1 
 Figure 2.1 Interaction between computer haptic and user 
2.1.1 Haptic Rendering 
Haptic rendering algorithm typically consist of two parts; first is collision 
detection while the second is collision response. Since the interaction of the objects 
occurs in a virtual world, collision detection algorithm is employed to detect and 
determine the position and type of collision. In other side the collision. On the other 
hand, collision response is responsible to generate and determine the type of force 
feedback that will be delivered to the user through haptic device. For example, when a 
pen is touching a virtual object, a collision between the object and pen has occurred. 
At the same time, the collision detection algorithm will detect the coordinate and the 
collision response algorithm will generate a force feedback. 
Although the main functions in haptic rendering is collision detection and force 
response, based on the function that forms haptic rendering, it can be divided into 
three main blocks [1]. In the particular research Kenneth et al, explain haptic 
rendering algorithm process as follows: first is collision detection, second is force 
response and third is rendering algorithm or control algorithm. Collision detection is 
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responsible to detect collision between two objects. Force response is responsible for 
generating force based on the information received from collision detection. The 
manipulation of the force is handled by control and rendering algorithm. The 
rendering process is illustrated in figure 2.2. 
 Figure 2.2 Haptic rendering in haptic application [1] 
 Several haptic rendering algorithms have been developed in order to render 
virtual objects. Haptic rendering process in computer haptic deals with touchable 3D 
model, similar to computer graphics rendering that deals with 3D object visualization. 
Since the 3D representation of objects must be surface based and volume based, the 
rendering process can be represented as either polygonal or volumetric created by 
voxels. Haptic rendering technique can be distinguished based on the model of 
probing objects. Based on it, haptic rendering can be divided into three types [1]: 
Point-based rendering: the probe is modeled as a point, the manipulation of 
objects and interaction between the objects are performed using the tip of a 
stick. 
Ray-based rendering: the probe is modeled as a line, the interaction between 
an object and probe is achieved by using entire length of the stick. 
3D-object-based rendering: the probe is made of 3D objects, such as sphere 
and another 3D objects. 
Based on the objects to be rendered, there are two kinds of basic rendering 
techniques: the first is rendering based on the volume, second is based on either 
surface or texture. In volumetric rendering, the object is rendered to construct object 
into touchable 3D model. Unlike volumetric rendering, texture rendering deals with 
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the surface of the object. The manipulation of the surface could be achieved by 
employing texture manipulation algorithm. 
2.1.2 Haptic Texture Rendering 
In this subsection, the haptic texture rendering technologies that are related to this 
thesis are introduced. Haptic texture rendering is one of the areas that is receiving 
attention in the haptic community [6]. The objective of haptic texture rendering is to 
enable the touch sensation in micro geometry, such as the feel of surface of an object. 
A haptic object, such as sphere, cubic or other 3D haptic object usually has a smooth 
or slippery surface. By attaching haptic texture rendering into haptic object, the type 
of the object could be manipulated easily. For example, a cubic can be a brick or a 
carton box depending on the texture assigned to the box object. 
Utilizing haptic technology, in the year 2007 Thalman et al., conducted research 
to simulate fabric textile called HAPTEX project. In this project haptic texture 
rendering was one of the key elements to enhance realism of the virtual fabric textile 
[12]. Two kinds of algorithms were used. The first was rendering of the fabric textile 
behavior by employing force feedback rendering while the second was rendering of 
the surface of the textile. The texture rendering was achieved by employing tactile 
rendering and texture information for rendering purposes was obtained by scanning 
the texture. Based on this information haptic surfaces were rendered.    
Recently, researchers have been devoting a lot of time and effort to develop haptic 
texture rendering. Despite such as an effort, there are still some problems that need to 
be solved before the rendering algorithm could be commonly used [18]. For example 
when an object surface is rendered as a brick, sometimes unrealistic and instable 
forces occur during the rendering process. however there are some stable algorithms 
that can be employed for haptic surface rendering. One of the most common methods 
is by employing a simple wave form such as sine wave [6] and saw-tooth wave [19]. 
Besides rendering the sine wave, there are some algorithms, such as Fourier series and 
rendering based on the image texture [20]. 
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Other approach that can be used for texture rendering is utilize signal and image 
processing. Similar to computer haptic and computer graphic that related in terms of 
rendering, computer haptic, especially texture analysis, has a strong relation with 
signal processing and image processing. Recently texture can be generated and 
manipulated by employing stochastic, statistical approach, and spectral analysis. 
Borrowing technique from image processing and signal processing, the surface of 
an object in haptic texture can be obtained and generated. Since the simplest way to 
generate the texture is by using sine wave, the complexity of the algorithm is low. The 
surface of a haptic object generated by sine wave can be denoted as in equation 1: 
)2sin()( fxAxf π=  Equation 1 
( ) ( )( )fzfxAxf ππ 2sin2sin)( +=   Equation 2 
Referring to equation 1, the parameter value that can be adjusted is amplitude, 
frequency and the phase of the wave. By adjusting amplitude, the textures 
characteristic will change accordingly depend on the amplitude value. The haptic 
surface property rendered use sine wave shown in figure 2.3 
( )fxAxf π2sin)( =
( ))(),(),()( tptptptp zyx=
 
Figure 2.3 Illustration of haptic surface based on sine wave property \ 
Referring to texture rendering technique introduce by Wall [21], fourier series is 
capable to generate an artificial texture surface. In fourier transform and fourier series, 
the wave can be decompose or reconstruct based on sine and cosine wave. Initially 
fourier series is expansion from fourier transform. Fourier transform can decomposed 
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Let say there is a square wave signal, generated using equation 2, the signal can be 
transformed or decomposed by employing Fourier transform. The result of 
decomposition is a combination between sine and cosine waves. The decomposition 
of a square wave signal is showsn figure 2.4 
    
Figure 2.4 Decomposition of a square wave 
Opposite to fourier transform that decomposes signal into sine and cosine waves, 
Fourier series reconstructs signal based on sine and cosine series. To reconstruct the 








tf nn ωω   Equation 5 
This method was introduced by Wall [21] to generate different kind of surface 
textures. Beside employing Fourier series to generate surface texture, in haptex 
project a haptic texture rendering also involves mechanical and physical parameters 
by measuring the property of the textile [12]. The property is used to generate haptic 
texture mapping for rendering purposes. 
Since haptic texture rendering can employ haptic texture surfaces map to render 
the texture, texture images can be employed to render haptic texture [20]. The value 
of the pixel in 2D images represents the intensity of the pixel in the image. The value 
could be utilized to render haptic texture. In rendering process involving visual 
texture images as data to render haptic texture, there are some parameter that need to 
be adjust, such as sampling rate, amplitude and noise of the texture images[20]. 
Similar to image processing which employs image filtering and adaptive filtering 
algorithm, in order to enhance a rendering process, the image information can be 
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manipulated by utilizing a filtering algorithm. Haptic texture rendering based on the 
images can be denoted as: 
),( zxkdFt =  Equation 6 
Where k is a constant factor that adjusts the height of the haptic texture map, 
d(x,z) is value of the pixel in coordinate (x,z). An illustration of the image 
representation is shown in figure 2.5. 
 
Figure 2.5 Image representations in RGB format 
2.1.3 Summary 
Haptic rendering has been developed to support the interaction between virtual 
and real world and plays an important role to enable and improve the realism of a 
virtual world and virtual objects. Based on the property of the objects, there are two 
rendering algorithm approaches that can be used. The first is rendering based on the 
volume, and the second is rendering of the object’s surfaces. Surface rendering or 
texture rendering was initially developed in computer graphics to render the surfaces 
of objects. Nowadays, its development is more focused on improving and enhancing 
the realism of the objects. 
Rendering surface algorithm has been developed based on either the texture 
synthesis or surface synthesis algorithms and one of the common methods to render 
surfaces is by employing sine or cosine wave [6]. Rendering based on sine wave has a 
manipulation limitation due to its lack of adjustable variable. Thus, in order to 
enhance the flexibility and enrich surface profile, Wall employed Fourier series [21]. 
The development of texture rendering also involve stochastic and deterministic 
models that introduced by [22].In order to enhance the realism, Wu employed texture 
visual information to render the haptic surfaces [20]. 
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Overall, haptic texture rendering has contributed to wards the realism of virtual 
object. This can be improved by enhancing the surfaces textures of objects which can 
be achieved by employing methods that have adjustable parameters. Methods that 
have adjustable parameter is the important factor to achieved realistic texture. In other 
words, the realism of texture depends on the texture synthesis algorithm.  
2.2 Computer Vision  
 
Figure 2.6 Subject that affected by computer vision 
Computer vision is one of the research areas that is concerned with developing 
application and theory to achieve and build an intelligent system that is able to 
analyze and distinguish data such as signal and images. As one of the growing 
research subject, computer vision has affected some other subjects, such as medical, 
robotics, signal processing, imaging, and also other scientific subject this is illustrated 
in figure 2.6. One of the sub-subjects in computer vision is CBIR (Content Based 
Image Retrieval). In the recent years this subject has become one of the most 
interesting subjects to explore. The growth of CBIR research has been survey by 
Datta [14] The survey shows that CBIR has experienced rapid growth since 2000. 
Nowadays the research in CBIR tends to extract information from regions of the 
image rather than extract global information from the images. A survey on a region 
based image retrieval also elaborated by Aysal et. Al, [23].  
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2.2.1 CBIR (Content Based Image Retrieval) 
Initially the idea of CBIR was inspired by search or query in the databases. Based 
on characteristics of query or searching [14]. CBIR can be divided into: 
Text based – Text based query is performed by simple one or two keywords to search 
for data that contain the particular word. Natural language processing (NLP) is used to 
perform the query as a whole.  
Content based – content based query processing is the main or core element in CBIR. 
This query is based on the information in the images. 
Composite – composite integrates both content based and text based processing in 
order to enhance searching or query process. 
Interactive – Interactive system allows user to give feedback on whether the image or 
result is correct. 
Interactive-composite – user can interact with both text and images. This method is 
the most advanced for query process. 
Some significant CBIR research works have been reported in [24-26]. In one of 
the earliest CBIR research, a remarkable result was achieved by IBM research group 
that developed QBIC system [24]. In QBIC research, two types of low level features 
such as color and shape were utilized to characterize the object inside the image. 
Hence in order to enhance QBIC, berkeley system employed both text-based querying 
and also low-level visual features of images. In Charles 1995 image querying based 
on spatial and spectral information obtained by employing wavelet transformation 
[27]. In [26, 28] the system took color information into consideration. In these works 
images were decomposed based on the color region. 
Since its appearance CBIR, has two main intrinsic problems: first is how to 
describe image mathematically, second is how to distinguish the similarity between a 
pair of images. The first problem emerges because image representation is a 2D array 
of pixel and it is difficult to create mathematical model for this type of data. The 
second problem arises because of the difficulties to measure the characteristics of 
objects in their images representations. Although information inside the image can be 
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differentiated by their characteristics or signatures, but algorithm or formula to 
measure such a signature is difficult to acquire. The development of algorithm for 
extraction and searching processes leads CBIR into the next advance stage. 
The comparison of CBIR works before the year 2000 and the recent years, there is 
shows a remarkable difference and improvement in terms of diversity of image 
signatures. An advanced algorithm has been made developed in order to recognize 
object’s signature such as shape of the objects. The mathematical formulation has 
been developed alongside with the invention of new methods to measure image 
similarity. In terms of technology for developing CBIR system the recent indication 
shows that statistical and machine learning approaches are widely used as an approach 
to develop CBIR system. In a statistical method there are two types of learning: first is 
supervised learning and second is unsupervised learning. Supervised learning is one 
of the methods that is used to identify type of data based on current data learning 
process. While in supervised learning, the state of the object used during the learning 
process is known. On the other hand, in an unsupervised learning the state of the 
object used is unknown. 
Although unsupervised and supervised learning are parts of CBIR, which is 
important during a searching process, there is other method that is also important 
namely extraction process. In extraction process one of the crucial parts is to obtain 
information from images. This process will provide information that will be used in 
the classification or searching process [14, 29]. In other words, the CBIR can be 
decomposed into some parts or stages, as depicted in figure 2.7. The first stage is 
preprocessing, the second is information extraction, and the third is searching or 
classification stage. Each stage in the process involves different kind of algorithm. 
Different type of data will require different type of algorithm. 
 
Figure 2.7. The initial process of CBIR system 
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2.2.1.1 Preprocessing 
The first stage of CBIR is preprocessing, where an image-processing algorithm is 
involved. In this stage, images that are used for learning process or identification 
purposes are processed to enhance the quality of the images [30-31]. Enhancement 
and normalization are needed in some cases, such as when the images have abnormal 
color intensity, noise, and deformed. Since the appearance of image processing, 
normalization algorithm has become as one of the important parts in image processing. 
Image normalization can be divided into two main categories. The first is 
normalizing the image attributes, such as intensity, and color as reported by Kyu [30]. 
Second is normalizing the shape of images, as reported by Park et.al.,[32], introduced 
color normalization algorithm to compensate the difference of illumination between 
two images. In that particular research, an image was transformed based on the 
reference image. This means that the images will have a similar light condition with a 
reference image. Grayscale image normalization or histogram normailzation 
calculates pixel values and adjusted pixel intensity. Histogram equalization can be 
explained as follows: 
Let a discrete image X, NM ×  dimension, and ni is the number of occurrence of 
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L is the total number of gray levels in the image, n is the total number of pixels in 
image px is the image histogram. Referring to px the cumulative distribution function 
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cdf is also called as image accumulated normalized histogram. The Calculation of 
normalized pixel image, can be performed by employing cdf combined with image 
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2.2.1.2 Feature Extraction 
Feature extraction is one of the important parts in CBIR. It has an essential part in 
extracting information from the images. Extraction process can be divided into two 
parts, local extraction and global extraction [14, 23-25, 33]. In the early stage of CBIR, 
features are often global features where the feature is obtained and extracted from the 
entire image without identifying the detail objects inside the images. Although global 
feature was widely used in the early stages of CBIR, however this feature has some 
limitations in terms of lack of understanding of details of the images [23]. 
Recognizing to this as a problem, researchers acknowledged image details is needed. 
These days more and more researchers have begun to pay attention to “local features” 
instead of global features alone. Local features are better than global features, because 
they reflect in the object in the images, and narrow down the gap between low level 
features and high level features. 
In the early stage of CBIR images were extracted using global features. Global 
features involve calculation and extraction of image information without considering 
the object in the images. According to Datta in [14], the concern about local 
extraction or local features has started around the year 2000. In order to obtain general 
features, some algorithms to extract image information have been developed and 
widely applied, such as statistical, spectral, and spatial analysis. The statistical method 
involves some methods to calculate or to characterize data. In [34] the global 
extraction process was performed by calculating the mean value or expected value 
from the histogram or the pixel value. The calculation algorithm was chosen because 
according to Myron [24], each image has its own value or characteristic. In each type 
of image or object in the image, the characteristic values, such as mean are different. 
Except for mean value, there are some calculation formulas, such as standard 
deviation, average residual and entropy that can be employed to measure the 
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In order to achieve a better feature extraction, researchers have been conducting 
experiments using spatial and spectral analysis to obtain the feature information. In 
[27], Charles employed wavelet extraction and statistical approach to calculate the 
characteristic for each detail in the images. Moreover, Wavelet transformation, 
Fourier transform and gabor filter can be utilized for spectral and spatial analyses. In 
[32], Park et al., employed fourier transform to analyze the spectral of an images. In 
[35], Gabor filter was employed to extract information and decompose images. Unlike 
Fourier transform that decomposes data based on sine and cosine wave, Gabor filter 
decomposes an image into different image spatial resolution. The nature of Gabor 
filter has some similarities with wavelet transform since both employ decomposition 
approach. Initially wavelet transform was developed based on the multi resolution 
analysis introduced by Mallat [36], which enriches the extraction or decomposition 
results.  
Both Fourier and Wavelet are suitable for global feature extraction. Since global 
extraction extracts the whole image, therefore in order to enhance the extraction 
process, local extraction process has been developed in order to obtain a local feature, 
the object from images. In [28], Yining et al., proposed a method to extract the object 
from images by employing color based segmentation. Recently researchers have tried 
various ways to understand various objects in the images. In [37] Jianping et al., 
proposed a new method to recognize or understanding contents of the images. The 
purpose of the research was to recognize silent objects, such as sky condition. The 
process of object searching in images involves dozens of functions, in which each 
function aims to find only one type of object.  
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Although image extraction plays an important role in image segmentation process, 
the segmentation algorithm itself can also be implemented in the searching process, 
such as searching for a similar image. At present the research for development of 
segmentation algorithm is growing rapidly and become more advanced. The basic 
algorithm used in image segmentation is based on statistical approach [38]. In 
statistical approach, either segmentation or clustering process is employed to classify 
or to cluster the data, while the type of the data is unknown. Some algorithms that 
involve segmentation or clustering are k-means clustering, c-means clustering, and 
fast marching algorithm [34]. 
2.2.1.3 Similarity Measurements 
There are two kinds of searching methods for searching process. First is 
supervised learning, second is unsupervised learning. In supervised learning the 
algorithm is developed based on known distribution and known type of data. The term 
k-means was first used by James Mac Queen in 1967. At present the algorithm is 
widely used in statistical analysis, signal and image processing. K-means is sample 
clustering technique that attempts to find k non overlapping [38]. The clustering 
process in k-means follows the following steps. First, k initial centroids are selected, 
where k wich indicates the desired number of clusters is specified by the user. Every 
point in the data is assigned to the closest centroid and each point assigned to the 
centroid forms a cluster. The centroid of each cluster is then updated based on the 
points assigned to the cluster. The process is repeated until there is no point changes 








lk xF µ   Equation 14 
Fk is number of cluster, x is the data and µ is mean of the cluster. Besides 
clustering method and looking closer to the data distribution, there are some method 
that can be used to measure the similarity. Naturally the data distribution is gaussian, 
unless the number of the data is small. When the number of data is small, the 
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Referring to Bayesian rule, the classifier can be expanded into Bayesian classifier. 
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Where )|( jxp ω  is a conditional probability, || j∑  is the determinant from covariant 
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Besides supervised learning, unsupervised learning has been developes to 
provides flexibility in the searching process. Hence in unsupervised learning, the data 
type or data labels are unknown. Some algorithms have been developed for 
unsupervised learning and the most common are clustering and neural network. In 
clustering algorithm such as k-means, there are some limitations in terms of 
predefinition of the number of cluster or class. To address this problem, some new 
algorithms have been developed, such as fast marching algorithm [40-41] and 
manifold learning[42-44]. Manifold searching has been developed specifically to 
overcome the limitation of k-means which require predefined data class. 
Clustering algorithm is based on the distance of data and data distribution. The 
data distance is measured to determine which data are similar or have the shortest 
distance between one another. This method has been developed to obtain the data 
class and data group based on the unsupervised approach. In manifold algorithm, 
similarity between the data is calculated based on the data and data distribution. The 
most popular method is using Euclidean distance, which measures the distance 
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2.3 The Framework: Existing Approach 
This section consists of two major parts: existing frameworks available in CBIR and 
computer haptic. 
2.3.1 Carbal CBIR Framework 
CBIR has been developed for query process. From the CBIR terms, the query process 
is done based on image query. In the mainstream CBIR framework, the system is 
divided into three main stages: (i). preprocessing, (ii). feature extraction and, (iii) 
similarity measurements between each data. In CBIR framework, each part has a 
different function. Nowadays CBIR framework has been developed by several 
individual and group developers. For example CBIR for online search has been 
developed by Google, Yahoo, and also Microsoft. While Cabral developed a CBIR 
for an open source project, employing the technique developed by Charles et al., [27], 
the framework was developed based on fast query process using the mainstream 
CBIR process. The CBIR framework developed by Cabral is shown in figure 2.8  
Since CBIR is part of CV, CBIR framework has been developed based on the 
algorithms and approaches used in computer vision. The basic concept of the 
framework is based on object pattern recognition and information extraction from the 
image. Referring to the type and algorithm used in CBIR framework, there are two 
types of approaches. First is based on the global information of the images, and 
second is based on local information of the images. These two types of frameworks 
are developed and employed for different types of data. Initially, both two approaches 
share similar process. The difference is located in the extraction process. Typically a 
CBIR framework consists following stages: 
1. Data acquisition 
2. Data preprocessing 
3. Data extraction 
4. Similarity measurements 
5. Result display 
Each stage in the framework employs a different type of algorithm in order to achieve 
optimum results. 
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Figure 2.8 CBIR mainstream Framework developed by Cabral 
The framework in figure 2.8 can be divided into three main processes: data 
acquisition, data extraction and similarity measurements. Referring to figure 2.8 
images data are fed into the system as input, then normalized into same image size, 
and extracted by employing haar wavelet transform to extract the information from 
the image data. The last process is measuring the similarity of the images based on the 
features or characteristics the from extraction process. The development CBIR 
framework employs normalization, global extraction for any type of images, and also 
distances measurements. The framework developed by Cabral in relevance to the 
mainstream CBIR framework can be explained as follows. 
Step 1. Data gathering  
In the frameworks, shown in figure 2.8, the data are collected by saving all the images 
submitted by the user. The images inside the database are also being used for 
querying process. The information from the images will also be extracted and stored 
in the databases for searching purposes.  
  23
Step 2. Normalization data 
Normalization data are used to normalize and shape the data into similar size. In order 
to turn the image data into similar size, the submitted images are resized into similar 
size images. This method is employed to create data of similar type and size. Besides 
the image size, there are other parameters that can be adjusted in order to normalize 
the data; the most common is normalization of the histogram of images.  
Step 3. Feature extraction 
In CBIR framework, feature extraction plays an important role. The accuracy of the 
CBIR framework depends on how good the extraction algorithm is at providing detail 
and rich information pertaining to the objects. In the particular framework, the 
extraction process employed wavelet transform algorithm to obtain characteristics of 
the data. Haar wavelet was chosen as an extraction algorithm because it is the fastest 
compared to other wavelet decompositions algorithms. Haar wavelet was developed 
based on transient signal that represented as a transient square wave. Since transient 
signal is difficult to be handled by Fourier transform, wavelet provides a better 
approach for analyzing transient signals, such as images or pulse. 
Step 4. Feature selection 
In order to reduce complexity during the searching process, complexity of the features 
is reduced by choosing several variables that represents the characteristics of the 
objects. Basically, feature selection is performed to reduce data dimension. In the 
framework, shown in figure 2.8, the selected features are color, mean, and also the 
largest coefficients from each color channel in the images. A detailed explanation of 
the selection processes is provided in [27] 
Step 5. Distance measurements 
The last process is measuring the distance of the data based on the extracted data. 
The similarity of data is calculated based on the distance between each datum in the 
database, which is calculated based on Euclidean distance. Euclidean distance is 






Figure 2.9 An illustration of nearest data query  
In figure 2.9 the initial datum is represented as a square symbol. In this process 
the similar data is calculated based on the nearest distance. The resulting data are 
located within the boundary as shown in the illustration in figure 2.9.  
2.3.2 Haptic Rendering Framework 
Initially, haptic rendering was a small part developed under virtual reality research 
area but now it has expanded and become an important branch of virtual reality 
research. The most important part in haptic application development is haptic 
rendering part. In haptic rendering there are some stages and algorithm that involve to 
manipulate and generate the object and surface of objects. In general the application 
development can be divided into three stages.  
The first stage is the initial stage, where the virtual object and virtual environment 
are developed to simulate the condition of the virtual environment of the particular 
objects. At this stage, computer graphics algorithms are used to generate the virtual 
environment. At the second step haptic rendering algorithm is involved to render the 
virtual objects and the last stage is interpretation of the rendering process in the virtual 
world into real world by utilizing a haptic device. Haptic rendering is the most 
important in haptic frameworks, which plays an important role to render virtual object 
and pass force feedback perception with those in the haptic devices. The basic concept 
of haptic rendering has been discussed in section 2, and an illustration of the 
rendering process has been shown in figure 2.2.  
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There are several important issues in haptic texture rendering that nedd to be 
concerned, such as realism of the objects, stability issue and computational issue 
during the rendering process. Realism issue is related with user perception and how 
the rendering algorithm represents the actual texture. On the other hand, stability is 
related with stability of forces during rendering, where unstable forces could reduce 
the realism and also harm the haptic devices. 
Several haptic texture rendering algorithms have been tested by several 
researchers such as Wall[21] and Juan Wu [20] to render the surfaces. The algorithm 
used in haptic texture rendering involves two major rendering algorithms. First is 
rendering based on mathematical approach, and second is based on surface mapping. 
Haptic texture rendering framework based on the mathematical approach uses several 
algorithms to generate artificial texture, either single algorithm or in combination. The 
artificial texture is generated depending on the stylus position of the haptic device and 
the corresponding mathematical equation, On the other hand, haptic texture rendering 
framework based on texture mapping calculates the force feedback based on the stylus 
position. 
A closer look into haptic rendering shows that, a surface rendering or an object 
rendering shares a common information or technique. The relationship between shape, 
texture and the frequency are shown in figure 2.10. The region between texture and 
shape is a gray region, which means that an object can be considered either as a shape 
or a texture.   
 
Figure 2.10 perceptual shapes to texture 
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2.3.3 Haptic Rendering by Wall 
There are many approaches to render haptic surfaces.An example is Wall, [21], who 
proposed an approach that employs Fourier series to render haptic texture surfaces, or 
texture surfaces feedback. Naturally Fourier series and Fourier transform are formed 
by several types and variations of sine and cosine waves. Hence, the nature of Fourier 
series could provide a richer attribute to generate artificial surfaces. In that particular 
research, Wall focused on the rendering of wooden surfaces such as plywood surfaces. 
The rendering process employed fourier series can be illustrated as in figure 2.11 
Initially, haptic surface rendering shared similar approach as texture rendering on 
computer graphics. While developing surface rendering based on the Fourier series, 
Wall generated friction surfaces to test the algorithm and applied the algorithm onto 
the surfaces. In order to create different types of texture surfaces, Wall generated 
texture by combining the fourier series and Gaussian distribution, where Gaussian 
distribution was employed to generate random amplitude wave length. Based on the 
combination of Fourier series and random value of amplitude of frequency of the 
wave, the haptic surfaces were generated. In the experiment, Wall also examined the 























Figure 2.11 Rendering utilized fourier series 
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Hence, texture surfaces can be generated based on the harmonics of the waves 
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Where: 
f(x) = Surface Profile 
0ω  = Fundamental Frequency 
a and b = Generated Gaussian amplitude 
Although haptic texture surface can be generated based on the Fourier series, Wall 
mentioned that there are some limitations in object rendering due to limitation of the 
haptic devices. The limitations are device workspace, and ability of the device to 
handle different types of forces. Overall, rendering based on Fourier series is able to 
provide adjustable variable and a more realistic result in comparison to traditional 
rendering. Thus, rendering based on the Fourier series provides a richer profile 
compared to rendering based on sine waves. However, rendering based on Fourier 
series faces instability forces generated by haptic device and since the haptic devices 
have limitation in terms of generating forces, the stability issue become a major issue. 
2.3.4 Haptic Rendering by Wu 
Haptic texture rendering framework based on the visual information was initially 
proposed by Juan Wu in 2007 [20]. The rendering framework proposed by Juan Wu 
has utilized several algorithms to extract the information from the visual texture 
information. The rendering process can be explained by the following steps: 
1. Get the stylus position 
2. Determine collision detection 
3. Calculate the force feedback 
4. Generate the feedback  
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Figure 2.12 Proposed framework by Wu 
1. Data collection 
Data are collected sing digital camera. The texture information is collected based 
on the many different types of textures. In order to achieve realistic rendering, Wu 
employed texture images. The texture images are chosen for surface rendering 
because each type of texture has different type of characteristics and which are 
represented in the texture images.  
2. Texture information extraction 
Referring to figure 2.1.2 information extraction is performed to extract texture 
information from texture image by utilizing Gaussian filter that used Gaussian kernel 
to extract information. The extraction process in the framework is shown in figure 
2.13. From the figure 2.13, the texture data are defined as M, where M is a 2D matrix. 
To extract the texture data, Gaussian filter, defined as g, is applied to texture data M 
or M1. The filtered data define as M2 and the extracted texture data are defined as ∆M. 
Extracted texture data are obtained from ∆M = M1-M2, where M1 is the original data 


















Figure 2.13 Haptic texture extraction processes, to extract haptic texture data for haptic texture 
rendering.  
3.  Creation of friction surfaces 
Based on Wu’s experiment, texture rendering is performed by generating friction 
surfaces in the virtual environment and rendering the surfaces by employing the 
extracted texture information. The friction surface is generated based on the 
coordinate of the stylus. In the experiment, friction plane was define as fr. and the 
surface texture force was defined as ft and total force define as F. The total forces 
were calculated based on the friction force, represented as friction plane, and the 
texture force generated by texture data from the extraction process. The friction 
surfaces were generated as a plane where texture will be rendered.  
4. Mapping extracted texture information into friction plane 
The last process in texture rendering is generating the texture surfaces on the 
friction plane. Since the texture plane is formed based on the coordinate position in 
the virtual world, the extracted texture data will be mapped on to the friction surfaces. 
The mapping process involves friction forces, fr, and also texture forces, ft. The total 
force, F, generated by the haptic device is defined as the sum of the friction forces and 
texture forces. The texture forces are generated the same way throughout the entire 
surface of the friction plane. Hence, texture forces are generated based on the position 
or coordinate position of the stylus that corresponds to the extracted texture data. The 
total forces in rendering processes is denoted as: 
 tr ffF +=  
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The friction plane represented as fr consisting of, the friction coefficient k and the 
penetration depth of the stylus in the friction plane ∆w, is denoted as: 
wkf r ∆=   Equation 20 
On the other hand, texture force, ft is texture forces function. A is the amplitude 
coefficient of the texture, and m(x,y) the texture height map, (x,y) represents the 
coordinate or location of the surface, The texture force is denoted as: 
),( yxAmf t =  Equation 21 
According to [20], the model, shown in figure 2.12, provides a more adjustable 
parameter to improve the force feedback realism.  
2.4 Summary 
Recently both haptic and computer vision have been applied in many research areas 
such as medical, and biomedical. However research involving the integration of 
computer haptic and CBIR is new, and very few researchers have ventured into this 
area. At the present most of the research works involving haptic and CBIR are still 
being conducted separately.  
The, research works in CBIR has been applied to cloths searching. In the research 
conducted by [17], clothes searching was performed by employing visual searching. 
During the searching, the interaction between users and objects are essential. By 
adding haptic into the searching, users can feel surfaces of the clothes.  
Initially haptic was used to simulate and to enable interaction between real and 
virtual worlds. In order to enable the interaction between virtual and real worlds 
rendering process is plays an important role. Rendering algorithm has been developed 
to enable different types of interactions with virtual objects. One of the haptic 
algorithms that has been developed to improve the realism of objects is haptic texture 
rendering. Initially, haptic texture rendering was developed based on the artificial 
texture generator [45]. Gianni et al. in [46] observed the haptic device limitations in 
haptic devices by measuring stability during rendering utilizing simple wave. In 
general, rendering result can be improved by utilizing advanced texture generator 
algorithm, such as spatial analysis and transformation algorithm, e.g. Fourier series.   
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Now the development of haptic rendering has advanced and is not limmited to the 
haptic device itself, the development has adompted techniques from other domains as 
well. The adopted technique have contributed towards mode realistic rendering. Other 
research domains such as signal processing and computer vision have contributed 
towards the development of computer haptic rendering.  
In order to enhance user perception of cloths searching, it is essential to add haptic 
in. Hence, a framework has been proposed to achieve the goal. The mechanism and 
methods on how the framework developed will be presented in chapter3. 
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CHAPTER 3 
FRAMEWORK DESIGN AND IMPLEMENTATION 
This chapter describes the proposed framework for haptic fabric texture search. 
Also included in this chapter are descriptions of the rendering algorithm for haptic 
texture and query algorithm for the proposed framework. The implementation of the 
proposed framework involves visual texture information as the experimental data. 
Experiment data are processed for query and rendering purposes based on the several 
algorithms. Query and rendering algorithm are tested using a series of experiments. 
Finally, the experimental results are used to improve the proposed framework. 
3.1 The Need and Motivation for a Framework 
Most of the computer technologies have been developed to help human and 
enhance quality of life. Today computer technology is growing even more rapidly 
than before and is affecting almost all aspects of human life. In the industrial sector 
computer technologies have even penetrated textile industries. Owing to the progress 
in the textile industry, there are many types of textile products available to the 
customer. The wide selection of textile types sometimes causes difficulties to the 
customer when searching for a particular type of textile. The search can a time 
consuming process when manual searching is utilized. Therefore computer databases 
of textiles are created to enable automated searching but the problem is lack of touch 
information, which customer can not feel textile profile. 
Thus, to overcome the problem, researchers have conducted experiments to 
develop knowledge-based searching system that is able to search for the types of 
texture[47]. Most of the researches related to textile or texture searching are 
conducted based on the image and based on CBIR algorithm. Image based search has 
some limitations that prevents the user from obtaining complete information about the 
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fabric. Search based on the visual information or image only provides information 
about visual properties of the fabric textile, and does not provide touch properties of 
the object. Since textile properties include not only visual properties but also touch 
properties as well, there is a demand to develop a search platform or framework that 
adopts touch or haptic properties of fabrics.  
Search engine based on visual information has been developed since several 
decades ago. The development of search engine platform based on the visual 
information employs computer vision algorithm and CBIR algorithm. Two common 
ways of searching method based on visual information is by characterizing the image 
and calculating the similarity of the images. Characterization of an image in the 
extraction process plays an important role in the searching process. Liu et al., [17] 
proposed an automatic sensational cloth system that helps users to search for the type 
of cloth based on the image query submitted by the users. However, the cloth search 
process developed by Liu did not involve any touch feedback information. Those 
missing additional information is critical for users to clearly distinguish from one 
fabric texture to another.  
Addressing the need for a fabric search tool with haptic enable, a search engine 
framework that integrates CBIR and computer haptic is proposed in this work. By 
default the framework has two characteristics: (1) enable user to search the data 
haptically, meaning that not only visual data is able to be retrieve and (2) the accuracy 
of the searching depends on the extraction algorithm and the similarity measurements 
algorithm.  
3.2 The Proposed Framework 
3.2.1 Motivation 
The concept of search engine and haptic was developed starting from searching 
through text processing. The initial purpose of a text search engine is to search for 
similar words or sentences in the database, hence the research in text search engine 
has been affected other subjects. In image searching, especially in searching type of 
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clothes, the search engine can help the users to search type of clothes based on the 
information in the images. Clothes searching research has been conducted by Liu in 
[17]. Separately, the research in haptic simulation for cloths has also been conducted 
in order to simulate clothes in virtual world, one of the research has conducted by 
Hing in [48]. Hence to simulate more realistic clothes HAPTEX [12]project include 
the haptic to enable interaction between user and virtual clothes. Referring to the issue 
there are a gap appears between visual cloths searching and haptic simulation.  
It is necessary to fill the gap between visual cloths searching and haptic cloth 
simulation. Cloths searching would be more realistic if a user can feel and touch the 
cloths. By utilizing haptic, it is possible to fill the gap between visual and realism of 
the searching result can be filled up. A framework that will enable users to experience 
touch sensation of the result is proposed to overcome the gap.  
3.2.2 Conceptual Design of the Framework 
 
Figure 3.1 Proposed Framework 
In computer haptic, the development of haptic device and haptic application 
usually involve math and physics. This leads to borrowing of techniques form 
different domain for application into computer haptic; an example of such technique 
is stochastic deterministic model for generating haptic textures [22]. The proposed 
framework incorporates several algorithms and methods. This sub section will explain 
the about conceptual design of the framework, including the algorithm and the 
method used in each part of the framework. The framework has been developed by 
integrating three different areas, computer graphics, computer vision, and computer 
haptic. Computer graphic is utilized to generate 3D environment and models. To 
enable the interaction between virtual world and real world, computer haptic 
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technique is used and computer vision technique allows the recognition of texture 
patterns. The framework design consists of three main parts, data acquisition and 
preprocessing, data extraction and result display. The initial design of the framework 
is shown in figure 3.1  
 
Figure3.2. The framework process flow in order to generate haptic force feedback in the fabric texture 
searching 
Referring to the block diagram in figure 3.1, each block in the diagram involves a 
different algorithm and different process. Each block of the diagram in figure 3.1 is 
described as follows: 
1. Acquisition and preprocessing  
In acquisition process, the experimental data are taken and generated based on the 
real data, textile image are the experimental data. Sample data are then generated 
from the acquire data. Normalization algorithm is employed to normalize and enhance 
the quality of the data.  
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2. Data extraction and processing 
Data extraction is performed to examine and characterize the data from haptic data 
and image data. The algorithm for extraction process is developed based on various 
algorithm and spatial and frequency analyses. The extraction algorithm has an 
important role towards achieving good and better accuracy results.  
3. Result 
The result block are contains of visual and haptic texture from the query process. 
The result data are represented both haptically and visually.  
The Process flow of the framework is shown in figure 3.2. The framework of of 
the process is developed based on the integration of haptic rendering and CBIR 
technique. The development combined both techniques to achieve the proposed 
framework.  
3.2.2.1 Image Preprocessing 
The experiment has been focuses on clothes data. Samples data are collected 
based on different kind type of cloths with similar setup. Data have taken in 25 cm 
range. Referring to figure 3.2, image preprocessing is performed to normalize and 
also to adjust data value before other processes take place. In order to remove or to 
gain more pure data, noises and histogram of the data are adjusted. For noise removal 
Gaussian filter would be employed. Gaussian filter provides a filtering method to 
eliminate Gaussian noise in the image. Besides filtering process histogram 
normalization will be employed to enhance the data. Referring to equation 9 in 
chapter 2, image normalization, is calculated based on cumulative distribution 
function (CDF) A sample calculation is given below: 
Assume X is an image with dimension 55×   
50 150 95 60 190 
60 190 70 95 150 
75 80 85 90 95 
80 60 85 85 75 
85 200 90 80 60 
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CDF of the image is calculated using equation 22. The calculated values are as 





















  Equation 22 
Where x is pixel value, m and n are pixel coordinate and L is the maximum range 
of pixel values.  
Table 3.1 CDF calculation table 
Value CDF Value CDF Value CDF 
50 1 85 15 200 25 
60 5 90 18   
70 6 95 20   
75 8 150 22   
80 11 190 24   
 














= roundroundvh  
)(vh is the new pixel value after normalization. L is the maximum image index 
value. After the normalization, the pixel value in column 5 row 5 is 43. An actual 
image result after histogram normalization is shown in figure 3.3. Beside mainstream 
method used for normalization process, algorithm enhancement can be used to 
achieve better normalization result. In [49], Stark (2000) proposed a scheme of 
adaptive image enhancement by employing histogram equalization. In adaptive 
equalization, pixel value is adjusted accordingly based on the condition, surrounding 
the pixel. In [49] it is mentioned that Gaussian blurring that proposed in [50] is also 
effective for enhancing the image data, although not efficient in computational.  
      
Figure 3.3 (a) Original image (b) Enhanced images using histogram equalization 
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3.2.2.2 Feature Extraction 
Feature extraction was employed to obtain the characteristics of the data. The 
algorithm such as Fourier transform and filtering process are employed to extract the 
feature information from the data. In a Fourier transform, the data are decomposed 
into basic wave components sine and cosine waves.  
An example of Fourier transform analysis is illustrated in figure 3.10. The data 
from figure 3.4 shows signal is decomposed and analyzed using Fourier transform. 
The analysis shows that the characteristic of the data is dominated by frequency 50Hz. 
According to the proposed framework, the extraction process will employ wavelet 
decomposition to extract the data. The extraction process will be performed by 
decompose the image up to level 4. The coefficient of the decomposition result will 
be grouped  
 
(a)       (b) 
Figure 3.4 (a) Signal for FFT transform analysis. (b)FFT result from signal in the most dominant 
frequency is 50 Hz 
into 3n+1 group. In the planned experiments, the planned, decomposition process will 
produce 13 different groups of wavelet coefficients. The detail of the decomposition 
process is shown in figure 3.5. Based on the decomposition result, the characteristic of 
the data will be compressed by employing five different kind of compression method. 


































),(,341 )()(   Equation 26 
The wavelet decomposition process as shown in figure 3.5 the decomposition 
processes are employs two kind of decomposition approaches. The first approach is 
wavelet packet decomposition[36] and the second is wavelet decomposition 
approach[36]. To form feature vector for searching purposes, wavelet decomposition 
coefficients will be utilized.  
 
Figure 3.5 Wavelet packet and wavelet decomposition into level 2 using haar wavelet 






























µ   Equation 28 
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  Equation 30 
Figure 3.5 shows the difference between wavelet packet decomposition and 
wacelet decomposition. Both methods employed the same technique. The difference 
these two approaches is for wavelet packet, all coefficients are decomposed, but for 
wavelet decomposition, only approximation coefficients are decomposed 
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3.2.2.3 Dimension Reduction 
Dimension reduction is aimed to reduce data redundancy of the data, especially 
feature data for query process. Since extracted data are represented in matrix form 
MxN, redundancy would occur in the particular matrix.  Single Value Decomposition 
(SVD) algorithm would be employed to achieve a more compact and to reduce 
redundancy from the extracted data [51]. SVD algorithm is explained as follows.  
 
Consider there is a matrix A (MxN), to compute decomposition, matrix A should 
be decomposed to produce three different matrices as follows: 





V=I are orthonomal matrices and S is a diagonal matrix 
containing of eigenvalues from matrix U and V.  The SVD process using SVD 
decomposition algorithm can be explained as follows: 
Assume that the reduction process has been performed by converting the smallest 

















































































this particular example, matrix A is decomposed to U S and V
t
. Based on the 
decomposed result, dimension reduction can be performed by reducing the smallest 














































































The particular example has shown that dimension reduction can reduce data 
redundancy of the data.  
3.2.2.4 Similarity Measurements 
Similarity measurement is performed to measure the similarity of the data. It can 
be performed based on the distance measurements, which can be measured based on 
data distribution. Referring to bayesian rule, similarity measurement could be 
performed based on the data distribution. Hence the measurements can be performed 
by, linear, quadratic and mahalanobis classifier. The classifiers are obtained from 
expansion of Bayesian classifier. Basically linear classifier is obtained by maximizing 
the conditional probability and also by removing some constant value in the Bayesian 
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  Equation 32 
Similar to linear classifier, quadratic classifier also maximizes the conditional 
probability to obtain the class from the data. In the quadratic classifier the 
discriminant value for each class is different and not constant [39]. Referring to this 
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The mahalanobis classifier is the simplest classifier compared to the other two 
classifiers. Mahalanobis classifier measures the relative distance of the data from the 
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  Equation 34 
3.2.2.5 Haptic Rendering 
In the extraction process, haptic data are extracted by employ filtering algorithm. 
The filtering algorithm also eliminate unrelated information from the data. Haptic data 
extraction processes has been performed by the following process:  
1. Haptic data processing 
Initially haptic data are obtained from fabric textures. One of the processes that 
support and enhance the extraction process is the preprocessing. Considering A as the 
texture data, filtering process is performed as follows: 
gAB ⊗=  














A  = 2D matrix consisting of texture data 
B  = data result from filtering process 
g = 2D Gaussian filter 
The size of Gaussian kernel during the filtering process the size of gaussian kernel 
will determine the result. In other words smoothness of the filtering results depends 
on the kernel characteristics. Small Gaussian kernel will remove Gaussian noise in 
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small scale. On the other hand bigger kernel will remove most of the noise, but it will 
also eliminate the information inside the signal or image.  
2. Data extraction 
Texture information from texture data is extracted by Daubechies wavelet. 
Basically extraction process extract the data to obtain detail and approximation 
coefficients of the data and used it to reconstruct haptic texture surfaces. The surfaces 
texture is constructed by approximation of the wavelet coefficients.  
3. Haptic data rendering 
After the surface texture data are extracted from the texture image. The data are 
rendered to the friction surfaces. Texture rendering is performed by creating a surface 
plane as basis for rendering process. The rendering process is performed by creating a 
surface plane as the basis of rendering process. 
To render the texture, a surfaces is generated on (x,z) plane, identified as the 
friction plane. Since rendering process will be performed on the friction planes, 
texture surface profile will be depend on the location of the haptic device stylus p(t). 
In the mathematical model, the friction plane surfaces force is define as Fr and texture 
forces defined as Ft. 
Since haptic texture rendering data is represented as a 2D matrix data, the 
rendering process will be performed based on the stylus position p(t) corresponds to 
the extracted texture data. The total force or the force feedback of the rendered 
surfaces Ftotal is calculated from the resultant of friction forces and texture forces. 
Haptic texture data is defined as m(x,y).  
( )fxAxf π2sin)( =
( ))(),(),()( tptptptp zyx=
 
Figure 3.6 Haptic rendering based on sine waves. 
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The rendering process can be explained as follows: friction forces is noted as Fr, 
the surface lies on the x and z plane and coordinate 0 in y. the coefficient is defined as 
k and the depth of the penetration to the surfaces is defined as w∆ . Penetration 
through the surfaces will affect response of the devices.  
wkFr ∆=   Equation 35 
The texture forces can be expressed as: 
       ),( zxAmFt =   Equation 36 
Where, 
A = Amplitude 
Ft = Texture forces 
m = Texture map 
The total force during the rendering process is the resultant of the texture forces 
and texture map forces. Total force is defined as: 
trtotal FFF +=   Equation 37 
3.2 Summary  
Haptic texture search framework was developed from CBIR and haptic rendering. 
Different researchers have used different approaches to developed CBIR framework, 
which initially developed for image search or object search in the i image databases. 
Essentially, there are two types of extraction process in CBIR framework namely 
global extraction and local extraction. Global extraction, extracts the whole 
information as one, while local extraction separates or segments the data for further 
extraction process. Carbal developed an opensource CBIR framework called imgseek 
based on fast multiresolution image querying [27]. The framework utilized global 
extraction and wavelet transform to extract the data.  
On the other hand haptic framework has been developed to enable interaction 
between the virtual and a real worlds. Texture rendering is one of the subject in haptic 
rendering that enhance user interaction with virtual object and allows a more realistic 
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realism of virtual objects. Researcher have introduced several approaches to render 
haptic surfaces and the most common method is employed sine waves and cosine 
waves. Fourier series have been employed to enhance haptic rendering, because it 
provides adjustable parameter. Since haptic texture data consists of the amplitude and 
type of textures, it is possible to use image texture data as rendering basisHaptic 
texture rendering has become more advance by techniques from other fields such as 
signal processing and image processing, e.g., [20] and [21]. Those technique, have 
provided more adjustable variables. In the near future this technique may become 
famous. 
The proposed framework has been developed by integrating both technique in 
CBIR and haptic to enable query process not only visually but also haptically. The 




RESULTS AND DISCUSSION 
In the previous chapter, the design of the framework has been highlighted. The 
proposed framework involves both CBIR and haptic rendering. This chapter presents 
the validation and verification of the proposed framework, experiments, and findings. 
In this chapter, the rendering and search performances will also be examined. Besides 
the experimental results, any issues that appeared during the experiment are addressed 
as well. 
In this research there are two main experiments that have been conducted to verify 
the framework. The first experiment involved query process to measure the accuracy 
of searching algorithm used in the framework. The second experiment was involved 
haptic rendering which measure and analyzes stability of the system. The aim was to 
determine a suitable algorithm for haptic rendering process. Validation of the 
framework is done by conducting a user perception testing. 
4.1 Query Analysis and Performance Measurements  
Query analysis and performance measurement were carried out to investigate the 
performance of query algorithm. The first experiment measured characteristics of the 
data and performance of the algorithm employed in the framework. Since texture is 
the smallest visible and touchable property from the object data, cloth texture has 
become the main concern in this research. Texture has an important role in 
determining the type of object. The simplest example is a turtle egg and a golf ball. 
Although the size is quite similar, surfaces property of the turtle egg and the golf ball 
is different. Fabric has texture property to differentiate different types of fabrics. 
Hence the texture for each cloth will be different compared to other. This means that 
each texture has unique properties.  
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In the experiments, cloth texture data were taken based on various types of cloth 
textures types. In the experiments 46 different types of cloth texture were examined. 
The texture data were also used to perform query and rendering. During data 
acquisition, texture data were taken from the same angle and the same position to 
reduce variance in thee data. Since texture data are the smallest measurable property 
of an object, texture could represent characteristics of the object. In the cloth, texture 
represents type and also characteristics of the cloth, such as roughness and 
smoothness. The framework involves several steps. The first step was data acquisition. 
During data acquisition the data were taken and processed to generate sample data for 
rendering and query process. To acquire the texture data were, an image of selected 
fabric was captured using a digital camera a a close distance at 25cm from the fabric. 
 
Figure 4.1 Fabric texture data taken and store in the storage 
The texture data were then processed to generate sample data for query simulation. 
For the experiments, samples data were generated based on the random approach to 
obtain samples from each type of cloth. Each sample has a size of 256x256 pixels. 
Figure 4.2 shows an example of the data sampling. 
 
Figure 4.2 Generate sample from a type of fabric texture 
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In order to create experiment data, 50 samples for each type of cloth were 
generated. The size of data was limited to 256x256 pixels in order to reduce 
computational time, hence. The data from sampling process were stored in the data 
storage for further process, i.e., data were extracted to obtain characteristics of each 
type of cloth texture.  
4.1.1 Data Extraction 
In order to perform query task, data extraction process is essential. In the 
experiments wavelet transform was utilized to extract the characteristics and property 
of the data. Data extraction process was performed to obtain characteristics from each 
type of texture data. The texture data were extracted utilized wavelet transform during 
the experiments. Wavelet decomposition was employed because it is able to provide 
detail information for texture characterization. In the extraction process in the 
framework was performed by employ Daubechies wavelet was employed. Unlike 
Fourier series that utilized continuous signal such as sine wave to analyze the data, 
wavelet transform utilizes transient signals as the basis for decomposing and 
analyzing signals. Since the fabric texture data are represented in pixel and considered 
as transient data, wavelet would be suitable for data extraction. 
 
Figure 4.3 Wavelet level 4 decomposition  
In the experiment the data were decomposed into level 4. The coefficients of the 
data were obtained by decomposing the texture data. The coefficients were then 
compressed in order to form the feature vector and to reduce the number of wavelet 
coefficients, the coefficients have compressed. Figure 4.3 shows the detail 
information of the decomposed texture data.as a result of decomposing the texture 
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data into level 4, there are 13 groups of detail coefficients. The decomposition 
coefficients represent characteristics of the texture data. The formulas to reduce the 







































































µ   Equation 42 
Based on the calculation the feature vector have 65 (13x5) number of elements. 
The feature vector is represented as follows: 
f = [8.29 31.12 274043.68 0 204.90 - 0.04 14.27 .... 1.14 383985.28 1.08 1.23]t  
 
Figure 4.4 Generating feature vector 
The feature vector elements were sorted based on the smallest group coefficients, 
starting from approximation, horizontal, vertical, and diagonal coefficients. The 
process detail to form the feature vector is shown in figure 4.4. 
The feature vector of the data has been formed from the extraction process. 
Feature vector represents the characteristics of each texture data while the number of 
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feature vector elements represents the characteristics of each sub-band from 
decomposition process.  
4.1.2 Data Distribution Analysis 
Data distribution is essential for analyzing the characteristics of data. In the 
experiment, the data characteristics were analyzed to obtain the distribution 
characteristics of the data for each type of texture. The distribution of the data is 
plotted on Cartesian plane, as shown in Figure 4.5. Figure 4.5 shows that each type of 
data has tendency to cluster at a certain area if the data have similar characteristics. To 
obtain the distribution, the texture data was tested using chi square method and the 
distribution was used to determine the algorithm and type of query process.  
From the particular data in figure 4.5, similar data were represented using the 
same color and in the same region. From the particular information it shows that 
similar type of data has a tendency to group together in the different region or places.  
 
Figure 4.5 Data distribution of the texture data based on the first elements and second elements 
By using the first and second elements of the feature vector it was shown that the 
data has a tendency to group together. By adding one extra element in the plotting 
process, the separation from of one type of data from another could be enhanced. The 
data distribution in 3D space is shown in Figure 4.6.  
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Figure 4.6 Texture data distribution in 3D space based on the first, second and third feature vector 
elements 
According to the data distribution visualization, the elements of the feature vector 
were affected by the data separation. Since the feature vector has high dimensional 
and laid in the hyperspace plane, the visualization of the data was limited. Based on 
the visual examination to the data visualization, adding more feature elements would 
generate more compact data distribution. Based on the data distribution fitting the 
results shows that the distribution was near to the gaussian distribution. The 
distribution will become normal distribution when the data grows and becomes larger. 
This finding matches with the central limit theorem (CLT). The distribution of the 
data is presented in the figure 4.7. 
 




Figure 4.8 CDF of the data distribution 
The cumulative distribution function of the data distribution is presented in Figure 
4.8. As can be observed in the figure, the data distribution is quite near to a normal 
distribution. The similarity of the data distribution and normal distribution was 
measured using log likelihood. The result shows as follows: 
Distribution :  Normal 
Log likelihood :  -496.785 
Mean  :  36337 
Higher value of the likelihood indicates that the data is similar to normal 
distribution. Since the distribution of the data was compact and close to gaussian 
distribution, the similarity measurements of the data could be performed by 
calculating the relative distance of the data with the data distribution.  
4.1.3 Query Accuracy Test 
The objective of measuring search performance was to test the accuracy and also 
performance of the algorithm employed in the query process. The measurements were 
performed by measuring the error during the querying process. The searching 
performance test also indicates the compatibility of the query algorithm with the data. 
During testing process the smaller error rate represents better result. Theoretically 
there is a trade off between performance and computational load, high accuracy 
would consume more computational power.   
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Table 4.1  Error rate during the query process and testing in percent(%) 
Element Quadratic Mahalanobis Linear 
1 86.55 92.24 90.47 
2 73.73 78.41 78.82 
3 46.26 51.76 63.50 
4 37.08 47.49 58.03 
5 29.23 41.89 52.79 
6 28.19 43.20 51.90 
7 26.45 39.8 50.87 
8 10.31 21.2 31.96 
9 9.32 18.93 26.31 
10 8.47 16.08 21.72 
20 0.92 0.45 0.77 
21 0.95 0.49 0.76 
22 0.89 0.45 0.76 
23 0.86 0.45 0.73 
24 0.78 0.42 0.72 
25 0.69 0.40 0.70 
26 0.69 0.42 0.70 
27 0.63 0.40 0.67 
28 0.63 0.43 0.67 
29 0.61 0.35 0.65 
30 0.60 0.36 0.64 
40 0.39 0.32 0.59 
50 0.30 0.46 0.53 
60 0.19 0.40 0.47 
61 0.18 0.37 0.46 
62 0.16 0.35 0.46 
63 0.17 0.35 0.45 
64 0.16 0.36 0.45 
65 0.18 0.35 0.47 
Searching or query process is developed for searching or retrieving information 
from databases or from the storage. During the query process, the data are retrieved 
by the query algorithm. To measure the accuracy, the error rates were compared 
against the number of feature vector elements. The accuracy was measured based on 
the 65 elements of the vector against the error rate. The experimental results are 
shown in table 4.1. 
Table 4.1 shows propagation of the error rate for each query algorithm. From the 
table, the range of error rate is between 0 and 100 percent. The 0 value represents no 
error and 100 percent represents all the results are in error. From the above data, the 
error rate can be modeled and plotted into a graph. Figure 4.9 shows the graphical 
representation of the error rate propagation. 
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 (a) (b) 
Figure 4.9 error propagation for quadratic and mahalanobis classifier 
Figure 4.9 shows error propagation of query process, which compared two 
different query algorithms. Figure 4.9 (a) shows the error propagation for quadratic 
error and figure 4.9 (b) shows the error propagation for mahalanobis classifier. The 
graphic shows that the error rate drops significantly within the range of 1 to 10. The 
significant drop in error rate means that the number of feature vector during the query 
process affected the error. While the range of 1 to 10 indicates that the particular 
range has a better data separation. This phenomenon has been explained in the data 
distribution section. In figure 4.5, when the data were plotted using 2 numbers of 
elements, the separation between each type of data was not clear. However, in figure 
4.6 a better data separation has been observed compared to figure 4.5 because higher 
dimension provides better separation.  
Overall, figure 4.9 and table 4.1 show that the error propagation convergences 
when number of feature vector elements reaches 20. Convergence indicates that 
additional elements in the feature vector will not significantly improve the query 
accuracy. The propagation of error slightly shows that the characteristic of the error 
rate was a negative exponential. The error propagation can be modeled into equation 
model. Since the error propagation was similar to the negative exponential function, 
the basis of the characteristic function is CAexf
bx += −)( . Where a, b and c is 
coefficients of the function. By employing curve fitting method, the function can be 
obtained. The result of the curve fitting is presented in figure 4.10: 
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Figure 4.10 Curve fitting for error propagation 
General model: 
       CAexf bx += −)(  
Coefficients: 
          A = 1.129 
          b  = 0.2593 
          C = 0.003745  
Error rate function: 
003745.0129.1)( 2593,0 += − xexf  
  
Figure 4.10 shows the error propagation and also the fitting of error propagation. 
Error propagation is represented as a dot symbol while fitting result is represented as a 
line. The particular fitting function characteristic is described as exponential negative 
function.  
Table 4.2 Error rate for each feature element calculation in % 
Elements Norm1 Norm2 Std dev Avrg residual Entropy 
1 86.61 86.56 85.84 92.12 86.66 
2 68.99 83.79 70.63 57.19 63.89 
3 46.06 82.00 55.40 35.03 52.41 
4 31.98 77.55 53.37 24.09 40.41 
5 30.68 74.60 32.48 22.26 39.36 
6 16.72 70.65 16.07 14.61 24.59 
7 10.72 6.691 10.57 10.22 17.27 
8 9.17 6.361 7.44 6.05 15.94 
9 5.27 6.205 6.10 3.11 11.13 
10 3.48 6.057 5.62 2.28 8.40 
11 2.10 5.903 3.27 1.79 6.83 
12 1.26 5.580 1.99 1.40 5.24 
13 0.68 5.432 10.66 1.19 4.11 
From the extraction process the characteristics of the data was obtained. The 
characteristics of each classifier algorithm to compress the data could be obtained by 
calculating the wavelet coefficients employing equation 37-41. The performance of 
each algorithm employed to compress the feature data can be obtained by calculating 
the error rate. The results are presented in the table 4.2: 
From table 4.2, the error rate of each feature vector compression algorithm shows 
that the error rate from each algorithm was different. Since the total group of 
coefficients of the wavelet decomposition was 13, the number of elements used 
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during the testing was 13 for each feature compression algorithm. The testing results 
in figure 4.11 show that each algorithm has different characteristics in the 
performance and error propagation. The results show that average residual provides a 
better algorithm in terms of compressing the feature while using small number of 
elements. Hence when utilizing all of the elements, norm1 provides more accurate 
results during the searching process. The results of the testing were represented in 
graph as shown in figure 4.11 
 
Figure 4.11 Error propagation for different types of feature vector element. 
4.2 Haptic Texture Rendering Experiment 
Haptic rendering experiments were conducted to measure and analyze the 
characteristics of the haptic texture rendering. The experiment was conducted to 
enable interaction between the users and virtual surfaces. The experiments were 
conducted based on the three different haptic rendering approaches. The first 
approach utilized sine waves as a basis to render the surfaces. The sine wave was used 
because it provides some adjustable parameters, such as amplitude and also frequency. 
By adjusting the parameter the surfaces can be manipulated. The surfaces could be 
generated based on the equation 42 below: 
Ft = sin(x,z)   Equation 43 
The surface profile generated by the sine wave approaches could be represented in 
3D surface model shown in figure 4.12. 
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The second approach utilized fourier series to generate the texture. The fourier 
series was deployed to render the surfaces because fourier series has more variable to 
generate the surfaces. Since the fourier series are developed based on the combination 
of the sine waves and also the cosine waves, a more sophisticated surfaces could be 
generated. 
 
Figure 4.12 Profile of the surfaces generated by using sine wave. 
The surfaces generated by the fourier series are richer in terms of the surface 
profile.  The profile of the surfaces generated by the fourier series is represented in 








)( 0 ωω   Equation 44 
The Surface profile generated by fourier series was richer than the surfice profile 
generated by the sine waves. The texture surfaces represented by the fourier series has 
more sophisticated and more realistic to simulate the cloth texture. The texture 
surfaces generated by fourier series can be represent in figure 4.13 
 
Figure 4.13 Surface profile generated by using fourier series 
The third approach was rendering the surfaces based on the visual information. 
The rendering has employed visual information. The visual information was extracted 
and used to render the haptic surface. The height map was used to render the surfaces 
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of the texture. The height of the texture was normalized and the texture data was 
mapped into the friction plane. The extraction process has been described in Chapter 3. 
The surface profile of the surfaces rendering based on visual information is 
represented in figure 4.14 
 
Figure 4.14 The haptic surface profile used in rendering based on the visual information 
The experiment using three different algorithms has generated different responses 
from the users. Rendering based on sine wave produces good performance in terms of 
its stability, hence the amplitude and also the frequency of the sine wave has enabled 
to generate different type of surfaces. The weak point of this rendering technique is 
the limitation in manipulating the texture surfaces. The profile of the haptic texture 
surface is limited to the frequency and amplitude of the waves. Hence rendering based 
on the fourier series provides richer texture surfaces and provides a more flexible 
variable to manipulate haptic texture surfaces. Haptic texture rendering, especially in 
cloth texture rendering, has to adapt to the surface of the cloth that has different type 
of pattern. The pattern of cloth can be simulated in based on the different type of 
algorithm. Although the sine wave and fourier series can be employed and utilized to 
simulate the surfaces, due to the limitation in its property, the surfaces cannot be 
simulated to mimic the proper shape of the real cloth texture. The visual information 
has overcome this problem by providing the shape and also texture pattern. 
During the rendering experiment, the unstable behavior of the rendering algorithm 
appeared and became a central issue during the rendering process. Although rendering 
process based on the visual information has richest property compared to sine and 
fourier series, however it has limitation in terms of stability. On the other hand, 
rendering based on the sine wave provides a more stable force feedback. This means 
that rendering based on the sine waves has stable response although it did not provide 
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rich surfaces profile. The study has conducted based on the test on three different 
users The stability analysis is addressed in section 4.3. 
4.3 Haptic Rendering Stability Analysis 
Force feedback during the rendering process was generated by the haptic devices. 
The forces were generated based on the texture height map. In the experiments there 
were several issues that occurred during the rendering process. In mainstream haptic 
rendering, such as rendering based on the sine wave, the instability issues were also 
appeared. Hence the instability issue was the most common issue during the rendering 
process. Rendering instability can be addressed as undesirable forces, such as 
vibration. Stability analysis conducted specifically for Phantom Desktop haptic device. 
In the particular research instability issue was occurred during the rendering based on 
the visual information.  
4.3.1 System Stability 
Normally stability issue appeared because of limitation of the device. In the 
experiment the limitation of the device was become as one of the main source of the 
instability during the haptic rendering. This issue was raised because of the 
characteristics of the device. The stability of the device could be analyzed based on 
the laplacian transform. Based on its nature, haptic devices could be represented as 
spring and damper system. The haptic system illustrated in the figure 4.15 : 
 
Figure 4.15 Spring and damper system  
Initially haptic device was developed based on the spring, mass, and dumper 
system. The stability of the spring dumper was considered as stable system. Looking 
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to the characteristics of the system, the root of the system is located in left half plane. 
Generally characteristics of the system are defined as follows: 





  Equation 46 
Tf =
1
ms2 + cs + k
  Equation 47 
The forces feedback of the system is defined as F, the friction coefficients of the 
spring were defined as k, and the damper coefficients is defined as c. Initially 
characteristics of the spring and damper system are stable. Hence the stability of the 
system was depending on the stiffness and damper coefficients. If the value of the 
stiffness or the damper value negative, it affected the stability of the system. Based on 
the several experiments, the response of the system can be plotted and explained in 
the figure 4.16: 
     
 (a) (b) 
Figure 4.16 Step response with amplitude 1, Left figure shows the stable system response, and left 
shows unstable system response. 
haptic devices stability also affected by the stiffness coefficients and damper 
coefficients. Figure 4.16 shows the stable response and also unstable response of the 
system. Left figure shows stable response and right figure shows unstable response. In 
the experiment, the stiffness coefficient would be affected the system response to 
oscillate although it would be stable. Looking to the characteristics of the surfaces, the 
stability of the system can be approached by using the amplitude of the texture 
surfaces. Similar to the analysis using the forces of the texture, the characteristics of 
the system is defined as follows: 
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Figure 4.17 Illustration of haptic device system 
The force generated by spring (Fk) is denoted as: 
Fk = (y − x)k   Equation 48 
y is the original position of spring and damper before external forces occurred. 
Hence x is the position when external forces applied. k is the spring value and c is the 
damper value The forces interaction generated by the damper (Fc) is denoted as: 
Fc = (y − x)c   Equation 49 
total forces generated by the damper and spring (stiffness forces) can be denoted  
      as: 
Ftotal = Fk + Fc   Equation 50 
by substitute stiffness forces Fk and damper forces Fc the equation is obtained as  
      follows: 
Ftotal = (y − x)k + (y − x)c   Equation 51 
from the total forces, the system characteristics for haptic texture rendering can be 
obtained. By using laplace transform, the characteristics of the system can be obtained. 
In laplace domain, the total forces can be denoted as: 
Ftotal (s) = k + cs   Equation 52 
since haptic rendering is based on the spring and damper system, during texture 




 Equation 53 
Tf =
(k + cs)
(Ms2 + cs + k)
  Equation 54 
Equation 53 shows the transfer function of the haptic device characteristics, in this 
chase is Phantom Desktop. Since laplace transform can be use to examine the stability 
of the system, the stability of haptic texture rendering can be denoted as forces 
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generated by haptic texture rendering divided by forces generated by the system. In 
laplacian notation, haptic texture forces can (Ftexture) can in be denoted as (k+cs). 
Hence total forces can be denoted as (Ms
2
+cs+k). Since the laplacian representation 
of texture forces and total forces are known, the stability of the haptic rendering can 
be obtained as presented in equation 53. 
Table 4.3 settling time of the system  
       K 
C 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 
0.1 72.29 33.64 23.94 15.12 15.93 16.80 17.46 17.80 17.84 17.61 
0.2 77.94 37.01 23.60 17.05 16.19 10.82 11.23 11.67 12.07 12.37 
0.3 75.62 36.06 24.62 18.93 13.89 13.34 8.74 9.00 9.30 9.59 
0.4 75.43 36.14 25.78 16.82 15.88 11.97 11.50 7.56 7.74 7.96 
0.5 76.21 36.66 23.61 18.92 14.78 10.82 10.63 10.17 6.77 6.92 
0.6 77.48 37.39 25.23 17.59 13.70 13.11 9.835 9.61 9.13 6.19 
0.7 75.72 38.18 23.67 19.42 15.67 12.45 9.15 9.04 8.79 8.25 
0.8 77.60 38.97 25.31 18.50 15.00 11.80 11.29 8.52 8.38 8.09 
0.9 76.61 37.15 24.09 17.61 14.31 11.21 10.90 8.07 7.98 7.80 
1 75.89 38.19 25.63 19.35 13.68 13.08 10.47 9.96 7.62 7.50 
Based on the obtained system characteristics or transfer function, response of the 
haptic texture rendering can be obtained. By using the step function, response of the 
system and also characteristics of the system can be plotted. The relation of the 
stability with the stiffness value and also the damper ratio also can be obtained. The 
experiments have been conducted by using several different values of stiffness 
coefficients. The experiments setup is conducted by the following setup: 
1. Creating virtual surfaces (x,y), whereby stylus of haptic device can move freely    
    on(x,z)  
2. Render haptic surfaces based on the sine wave haptic rendering, sine wave has   
    chosen because it the simplest method to render haptic texture. 
3. Adjust the spring and damper value of haptic device, from small value until the  
    device generate unstable forces or vibration during the rendering 
4. Record the forces value generated by the haptic device. 
5. Repeat the same procedure to record different spring and damper value. 
6. To obtain the stability characteristics for different amplitude of waves, repeat  
    the experiment procedures from number 1 until 5 with different amplitude 
7. To obtain maximum forces value, the experiment number 6 was repeated with  
    different stiffness value. 
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Table 4.3 shows that characteristics of the system when the stiffness coefficients, 
k, and damper coefficients, c, is changes. The range of the data is adjusted between 
0.1 and 1. From data in table 4.3 characteristics of the system shows that stiffness 
coefficient affected the settling time or times to reach the system stability. This means 
that with higher stiffness coefficients the haptic device will have better response time. 
Hence when the damper ratio is not high enough e.g., 0.1 and stiffness coefficients 
become higher, the settling time is not certain. 
  
                     (a)                (b) 
 
                     (c)                (b) 
Figure 4.18 The relation between stiffness and settling time 
From figure 4.18, (a) represents the stiffness ration with damper ratio. The 
stiffness ratio was between 0.1 and 1, while the damper ratio is 0.1. Figure 4.18 (b), 
stiffness value is similar while the damper ratio is 0.4, left bottom damper ratio is 0.8 
and left bottom, damper ratio is 1. The graph in figure 4.18 shows that the stiffness 
coefficients playing importance role in the stability time, the higher stiffness 
coefficients, and the faster system will reach steady state or become stable. Since the 
stability of the system also affected by the overshoot and also oscillations, the 
overshoot for each combination of the stiffness and damper ratio was examined. The 
overshoot value was presented in table 4.4: 
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Table 4.4 Data representation of the overshoot, stiffness coefficients (k) against damper ratio (c) (in %) 
    K 
C 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 
0.1 63.58 71.59 75.45 78.06 80.12 81.67 82.90 83.91 84.75 85.47 
0.2 43.16 53.82 59.73 63.58 66.36 68.49 70.19 71.59 72.77 73.78 
0.3 31.34 41.49 47.43 52.00 55.41 58.07 60.24 62.04 63.58 64.92 
0.4 23.49 32.85 39.07 43.16 46.38 49.32 51.76 53.82 55.59 57.14 
0.5 18.23 26.66 32.33 36.42 39.83 42.59 44.74 46.76 48.67 50.35 
0.6 14.50 22.03 27.28 31.34 34.59 37.19 39.52 41.49 43.16 44.63 
0.7 11.75 18.45 23.24 26.97 30.05 32.56 35.00 36.81 38.78 40.03 
0.8 9.70 15.62 20.02 23.49 26.35 28.88 31.11 32.85 34.78 36.10 
0.9 8.18 13.41 17.36 20.63 23.34 25.71 27.80 29.52 31.34 32.64 
1 6.93 11.61 15.24 18.23 20.78 23.00 24.98 26.66 28.36 29.72 
The results show that the stiffness coefficients will increase the overshoot. This 
means that during the process to achieve stability point it would produce overshoot 
that causes produce more forces before its reach the stability point. The overshoot 
during the stability process can be plotted as following graph: 
 
Figure 4.19 Illustration of system response, left figure is system response with high overshoot and 
left side is system response with low overshoot. 
Although the stiffness coefficients will increase the settling time and response 
time, however it will causes overshoot when the coefficient high. This phenomenon 
was shown in figure 4.19. During haptic rendering, the overshoot produces undesired 
forces that generate vibration. From table 4.4 it is stated that the higher the stiffness 
coefficients the higher overshoot generated. Hence higher damper ratio will reduce 
overshoot of the system response.  
The stability of the device is different for each haptic device. The limitation such 
as instability is different for each haptic device.
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specific to the Phantom Desktop device. Although stability analysis is hardware 
specific, the same analysis could be employed to different type of haptic devices.  
 
Figure 4.20 The graphic relation between stiffness, damper ratio and also overshoot 
Figure 4.20 shows relation between the damper ratio, stiffness and also the 
overshoot of the system response. The graph indicates that higher damper ratio will 
reduce the overshoot. Hence the higher stiffness value will increase overshoot. From 
figure 4.14 the highest overshoot is obtained when the damping ration is low and 
stiffness is high. The highest overshoot is around 85% compared to the original input. 
4.3.2 Haptic Texture Rendering Stability Analysis 
During surface rendering process based on the sine waves, there are some stability 
issue arise. In the experiment the data is sine. The experiment was conducted based on 
the stylus position. The stiffness value is started from 0.1 N/mm until 1 N/mm with 
range 0.2 N/mm. The amplitude is in the range of 0.1 mm to 0.7 mm, wave length(λ) 
is limited 1 mm to 5mm. Response of the forces during the rendering represented in 
the table 4.5.  
Table 4.5 Sine wave force response based on the amplitude and stiffness coefficients (N/mm) 
        A 
K      
0.1 0.2 0.3 0.4 0.5 0.6 0.7 
0.1 0.098 0.099 0.097 0.099 0.099 0.099 0.098 
0.2 0.18 0.18 0.17 0.17 0.19 0.19 0.19 
0.4 0.38 0.37 0.38 0.39 0.39 0.39 0.39 
0.6 0.59 0.56 0.57 0.59 0.58 0.58 0.58 
0.8 0.80 0.79 0.80 0.79 0.78 0.78 0.79 
1 0.99 0.99 0.98 0.97 0.97 0.99 0.98 
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From the information of the forces response to the parameter in the haptic devices, 
the response of the haptic devices can be obtained. The response shows the stability of 
the haptic devices during the rendering process. During the experiment it shows in the 
graph that the forces were look uniform when the stiffness was high, around 0.8N/mm. 
Although the force generated in the high coefficients was almost uniform, 
nevertheless when the forces were high it was produce unstable forces. In the other 
hand when the stiffness coefficient was low, it was provided more stable forces during 
the rendering process. The response of the forces shows in table 4.5 and figure 4.21. 
From the graph in figure 4.21 it is shows that the stability of the forces almost 
uniform when the stiffness forces is high. 
 
 (a) (b) 
Figure 4.21 Surface represent stiffness, frequency and amplitude during the rendering process. figure 
(a) shows the smallest value during test, with stiffness 0.1N/mm wavelength form 1mm to 5mm and 
amplitude from 0.1mm to 0.7mm. Figure (b), same amplitude with 1N/mm stiffness forces.  
During surface rendering process based on the sine waves, there are some stability 
issue arise. In the surface rendering process, the force generated by the devices was 
not same if the amplitude frequency and also the stiffness values are different. Hence 
the stability during the rendering depends on the stiffness. When the stiffness was 
higher the system will take more time to become stable shows in figure 4.20. This 
finding is match with the experiments. When the stiffness of the devices was raised 
into 0.8 N/mm, the device was starting to gives vibration. The most stable stiffness 
coefficient was below 0.8 N/mm. The sine wave used for rendering purposes can be 
represented in the 3D model. The sine wave illustrated in the figure 4.22  
Overall the stability issue during the rendering process is affected by the property 




Figure 4.22 Sine wave represented in 3D space 
Based on the findings the rendering process employed visual texture was 
performed by extracted the data information from the texture visual information. 
Since the texture visual information can be represented as 3D surfaces by using the 
value of the pixel, the haptic texture surfaces could be reconstructed. During the 
experiments, the texture data has been converted into grayscale pixel value, to reduce 
and minimize the parameter during the reconstruction. In the rendering process the 
pixel value is normalized into 1 mm. since the maximum pixel value is 255, the value 
of the pixels was divided by 255. Since the high stiffness value will affect the stability 
of the system, the value of the stiffness has been set into 0.6N/mm.  
The surface of the texture was generated based on the visual information of the 
texture. In order to extract and reduce the noise, the texture has extracted using 
wavelet decomposition, and reconstructed based on the approximation coefficients. 
During the rendering process, the sampling rate was affected the stability of the 
surfaces. if the sampling rate was not sufficient enough to perform rendering, the 
device will produce glitch and also some vibration during the rendering process. The 
sources of instability of the rendering process are the sampling rate and also the 
characteristics of the surfaces. In order to enhance the quality of the surfaces, the 
sampling rate of the rendering process was adjusted into same resolution value of the 
haptic devices. The resolution of the haptic devices is around 0.020mm. Its means that 




= 5000  
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It means that the 10cmx10cm surface would require around 5000x5000 matrix 
data. The rendering algorithm employed in this research has enhance the rendering 
algorithm proposed by Juan Wu[20]. Wu has proposed haptic rendering by employed 
image texture combined with gaussian kernel. Although Wu successful employed the 
technique, the technique developed by Wu limited to gaussian texture data, hence the 
texture was rendered based on the gaussian noise of the texture. In this research 
author proposed rendering based on wavelet decomposition. Wavelet decomposition 
provided better data both for texture analysis and haptic texture rendering. since 
wavelet provided detail coefficient and approximation coefficients, the haptic surface 
could be simulated similar to the real texture. The perceptual testing will be discussed 
in section 4.4. 




         
Figure 4.23 Texture representation in 3D surfaces for haptic rendering purposes. 
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4.4 User Perception Testing 
A prototype that incorporates the haptic texture search framework was developed 
and each framework component was validated in the earlier sections (i.e. Sections 4.1, 
4.2 and 4.3). The verification process involves testing the algorithms employed in the 
proposed framework.  
This section aims to validate the proposed framework based on user haptic 
perception of the prototype. User perception testing was conducted to determine the 
perception of the user when interacting with the artificial cloth texture generated by 
the haptic device and to evaluate the performance of the rendering technique used in 
the proposed framework. The test was essential as to elicit user feedback on a better 
algorithm to render haptic texture and a better performance for the haptic rendering. 
4.4.1 Objective of the Study 
The objectives of this user study are: 
1. To determine users’ opinions on which of the two representations of 
artificial textured surfaces simulated based on the same object feels similar 
to that in the real world.  
2. To obtain users’ feedback and also perception on the stability of the 
prototype in terms of rendering the force feedback.  
4.4.2 Methods 
The testing was conducted to 8 UTP research students consisting of 2 females and 
6 males. The number of the test participants was kept small but significant to draw a 
valid conclusion from the results. The sample size used is justifiable based on Hwang 
research [52], who claim that the sufficient number of samples for a user testing 
should be in the range of 10±2. The research conducted by Hwang (2010), shows that 
10±2 can represented most of the user opinion. For this test, only 2 test participants 
have experienced using the Phantom haptic device.  
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The user testing was conducted based on these following instruments and setup: 
Cloth texture - 3 different types of cloth texture in which each texture represents 
a distinct type of cloth material. The first texture represents a finer cloth fiber sample 
(Figure 4.24(a)), the second texture represents a coarse fiber sample (Figure 4.24(b)), 
and the third texture represents a coarser fiber (Figure 4.24(c)). These three types of 
cloth textures were chosen mainly because of their distinct texture profiles. These 
three textures also represent the different materials used in the framework. 
          
(a)  (b) (c) 
Figure 4.24 Texture used during the perceptual test  
Haptic rendering algorithm – Each haptic texture sample shown in Figure 4.24 
was rendered using two different algorithms. The first algorithm (i.e. Algorithm A) is 
utilizing a combination of the sine waves while the second algorithm (i.e. Algorithm 
B) is using visual texture of the sample. This is done by extracting the information of 
the visual textures then rendering the information onto the surfaces. The 
implementation of both rendering algorithms has been described earlier in Chapter 3. 
To minimize unstable value addressed in section 4.3, the stiffness applied during the 
experiments was sets into 0.4 N/mm, since the value has below the critical value and 
provide range to be adjusted during rendering process. Hence the value of the stiffness 
will be affected the forces stability. 
Haptic device - Phantom Desktop was used to enable interaction between the user 
and the artificial textured cloth surface. In conducting the user testing, the approach 
used by McGee [53] in discriminating rough haptic textures was adapted. The steps 
involved are as follows: 
1. Train the test participants on how to use the haptic device. Show the first 
cloth sample (e.g. Figure 4.24(a)) to the test participant. 
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2. Invite the test participant to feel the virtual texture (rendered using 
Algorithm A, based on sine wave) by using the haptic device. 
3. Invite the test participant to feel the virtual texture (rendered using 
Algorithm B, based on the texture image) by using the haptic device. 
4. Ask the test participant to judge which virtual haptic texture “feels similar” 
to the textured cloth sample shown in Step 2 
5. Ask the test participant to judge the most stable rendering algorithm. 
(Algorithm A or B) The stability has been defined as a vibration forces or 
an unwanted forces. 
6. Repeat steps 2 until 5 for the rest of the cloth texture samples presented in 
Figure 4.24. 
7. Ask the test participant on their subjective opinions on: 
a. The overall force feedback felt during the study. 
b. The use of haptic feedback for a search engine particularly on cloth 
searching 
Repeat all the steps above for all other test subjects. Hence The user testing was 
performed to measure the stability and realism of the rendering algorithm. User 
testing also provides data to measure the realism of the rendering technique. 
4.4.3 Findings and Analysis  
There are several important findings that arise from the user perceptual testing. 
These findings can be divided into two main parts. The first is pertaining to the user 
perception on the haptic rendering used. This revolves around study findings in 
determining the perception of the user when interacting with the artificial cloth texture 
generated by the haptic device. The second is regarding the stability of the haptic 
texture. This is a result from the users’ perceived opinion on the force feedback 
generated.  
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4.4.3.1 User Perception during Rendering 
The findings on which representation of the artificial haptic cloth texture feels 
similar to that of its visual counterpart could be summarized and presented in Table 
4.6.  
Table 4.6 User perceptual testing 
Test 
Participant 
Texture 1 Texture 2 Texture 3 
1 Algorithm B Algorithm B both 
2 Algorithm B Algorithm B both 
3 Algorithm B Algorithm A both 
4 Both Algorithm A Algorithm A 
5 Algorithm B Algorithm A Both 
6 Algorithm B Algorithm A Algorithm B 
7 Algorithm A Algorithm B Algorithm A 
8 Algorithm A Algorithm B both 
Table 4.6 shows the findings for each test participant’s opinions when judging the 
haptic cloth textures. From the table, test participant no. 1 perceived that the haptic 
surface texture that employs Algorithm B feels similar to cloth Texture 1 (visual 
texture representation shown in Figure 4.24). Similarly, s/he perceived that haptic 
surface texture that employs Algorithm B feels similar to cloth Texture 2. However, 
for the last texture s/he perceived that both haptic textures (i.e. rendered using 
Algorithms A and B) feel similar and could be used to represent visual Texture 3. 
Table 4.6 shows that five out of eight test participants judged that Algorithm B is 
more suitable for rendering Texture 1. This implies that for Texture 1, haptic 
rendering using the visual based information has outperformed the rendering that 
employed a combination of sine waves. For Texture 2, that has a texture property 
coarser than Texture 1, the results shows that both algorithms have similar perception 
based on the equal scores obtained (i.e. four participants chose Algorithm A and 
another four for Algorithm B). This indicates that both algorithms are suitable for 
rendering the particular texture. On the other hand, when simulating a much rougher 
texture (i.e. Texture 3) most of the test participants have a similar perceptual opinion 
on both texture rendering algorithms. This indicates that the result of both algorithm 
have a similar surface property. 
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4.4.3.2 Stability Testing 
The second part of the study has involved the test participants to test the stability 
of the texture rendering. The summary of findings is presented in Table 4.7. 
Table 4.7 shows the findings for each test participant’s opinions when 
commenting on the stability of the force feedback used in rendering the cloth surface 
textures. Participants can judge the rendering stability based on the vibration 
generated by the haptic device. When vibration occurred during the rendering process 
its indicate that the rendering algorithm not stable. From the table, test participant no. 
1 perceived that the haptic surface texture that employs Algorithm A is stable to 
render cloth Texture 1 (visual texture representation shown in Figure 4.24). Similarly, 
s/he also perceived that Algorithm A is stable for rendering cloth Texture 2. However, 
for the last texture s/he perceived that both haptic textures (i.e. rendered using 
Algorithms A and B) are stable for visual texture 3. 
Table 4.7 Stability testing 
Test 
Participant 
Texture 1 Texture 2 Texture 3 
1 Algorithm A Algorithm A both unstable 
2 Algorithm A Algorithm A both unstable 
3 Algorithm A Algorithm A Algorithm A 
4 Algorithm A Algorithm A Algorithm A 
5 Algorithm A Algorithm A Algorithm A 
6 Algorithm A Algorithm A Algorithm B 
7 Algorithm A Algorithm B Algorithm A 
8 Algorithm A Algorithm A both unstable 
The results shown in table 4.7 indicate that all test participants have similar 
responses to the stability of the haptic rendering results. In terms of stability the 
Algorithm A has a more stable characteristic as compared to Algorithm B. Thus, the 
result indicates that most of the users agreed that texture rendered using sine waves is 
more stable as compared to the rendering based on the visual information. This 
finding also implies that a simpler surfaces algorithm to generate the virtual surface 
could lead to a more stable result. 
For Texture 2, test participants also have similar perception on the haptic stability 
issue. Most of the test participants said that Algorithm A that employed sine wave is 
more stable in terms of the forces generated by the haptic device. Similar to findings 
for Texture 1, the data shown from Table 4.7 signals that rendering based on the 
combination of sine waves can produce a more stable result. 
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For texture 3, the test participants have different perception in the stability 
compared to the previous texture. During the testing, four of the participants suggest 
that algorithm A provides better stability. On the other hand three of the participants 
argue that both rendering algorithm is not stable. The experimental result shows that 
both algorithms are not quite stable for rendering this type of surfaces, however 
algorithm A is more stable compared to algorithm B. Since stability defined based on 
the vibration of the device, rendering based on the sine wave produce less vibration.  
4.4.3.3 Other Users’ Subjective Opinions  
From this study majority of the test participants consider that by having haptic 
feedback, a better search engine for cloth texture could be obtained. By including the 
haptic information to the search engine, the interaction between a user and the virtual 
cloth can be enhanced. It can improve the user’s perception on the result of the search. 
However, the participants suggested for an improvement on the rendering algorithm 
to enhance the realism of the forces generated by the haptic device. 
In terms of the haptic rendering stability, the test participants commented that 
careful consideration on the choice of algorithm should be made for certain cloth 
textures. The participants also suggested that the rendering may be able to be 
employed to the other rendering object in a different domain e.g. simulating skin.  
4.5 General Discussion 
Haptic texture search framework is proposed to enable searching type of cloth not 
only visually but also haptically. The research conducted has two main objectives, the 
first is to design a haptic texture search framework and the second is to verify and 
validate the proposed framework. 
4.5.1 Designing the Haptic Texture Search Framework 
The design of the proposed framework involves two different areas, first is CBIR 
and second is Computer Haptic. The searching algorithm has been investigated to 
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determine a suitable algorithm to be used during searching process. Since there are 
many approaches that could be utilized, the investigation is conducted by analyzing 
the characteristics of the data.  
In analyzing the data distribution, the extraction process to the texture data has 
been conducted. The texture data extraction was done using wavelet decomposition to 
obtain the characteristics of the data. Wavelet decomposition is utilized to decompose 
and extract the information because wavelet transforms provides more detailed 
information about the texture. Hence, it provides a multi resolution analysis.  
The rendering part has employed extracted information from the visual texture 
information. The approach has been utilized by Wu [20] whereby the Gaussian filter 
is employed to extract the texture data. On the other hand, this research utilizes 
wavelet transform to extract the texture information instead.  
4.5.2 Verifying the Framework  
To verify the algorithms and components used in the framework, several 
experiments and test have been conducted. The verification activities were conducted 
to evaluate the performance of searching algorithm used and also the haptic rendering 
algorithm employed in the framework. 
When using wavelet decomposition, the coefficients involved could be used to 
determine the characteristics of the data. During the experiment the data show that 
each type of texture tends to group in a certain area. Hence, the number of elements 
can enhance the separation of the data. 
During the distribution test, the data shows that when the number of similar 
texture data becomes bigger, the distribution tends to follow the Gaussian distribution. 
This result shows that query algorithm based on Gaussian data distribution could be 
employed. The query or searching test shows that query algorithm based on data 
distribution provides good accuracy. From the error rate, the optimum number of 
elements and also the characteristics of the error propagation can be obtained. During 
the searching process the accuracy of the query can be measured by calculating the 
error rate. The characteristic of the error rate is tending to be exponential negative. 
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The higher the number of feature elements the higher its accuracy. It also shows that 
the number of elements has its optimum number that is 20. This means that increasing 
the number of elements beyond the optimum value does not enhance the accuracy of 
the searching process significantly.  
The visual information has also been used to render the surfaces of the haptic 
texture. The texture is generated based on different type of haptic surface rendering. 
The sine waves algorithm is providing a rendering algorithm that is quite stable to 
render the surfaces, yet it lacks of variable that enable to manipulate the texture 
surfaces. This could be addressed by using Fourier series instead although the 
technique consumes more computational power when the surfaces become 
sophisticated. On the other hand, rendering based on visual information provides 
richer texture characteristics. However, the technique has a limitation that is the 
instability of the forces generated by the haptic device used. In addition, the sampling 
rate and also the surface profile will generate different force response and sometimes 
produce vibration and glitch. 
The instability issue due to the haptic device used has been addressed and 
analyzed. The investigation shows that t`he Phantom haptic device has some 
limitations and also has characteristics that generate unstable forces. This has also 
been highlighted in [6]. Since the device is developed based on the spring and damper 
system, the stability of the devices depends on the characteristics of these two 
components. The investigation shows that higher spring value caused unstable forces. 
This has been presented in section 4.3. 
Similarly, the instability issue due to the sampling rate and surface profile was 
examined as well. It has been highlighted that the characteristics of the haptic texture 
surfaces could be obtained from several kind of rendering algorithm. Rendering 
process can employ artificial texture generator algorithm such as employing sine 
wave and also Fourier series. In the analysis high stiffness value will reduce the 
stability of the system. The stability of the rendering can be improved by adjusting the 
resolution of the texture into 0.02mm/data. The limitation of the device such working 
space of the device and characteristic of the device are limiting the development of 
rendering algorithm. The most important during the rendering process is to maintain 
the haptic device force under the limit value of the forces that can be handled by 
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device. Unsuitable rendering algorithm can generate unwanted forces that may harm 
the haptic device. 
4.5.3 Validating the Framework  
To verify and validate the haptic algorithm and the components used in the 
framework, a user testing was conducted. The main aim was to evaluate the 
performance of the haptic rendering algorithm employed and to determine whether 
the framework works. 
User perception testing shows that different texture rendering algorithms used in 
simulating the cloth textures will result in different user perception on the textures felt. 
The testing shows that rendering based on the combination of sine wave provides a 
better performance in terms of haptic stability although it is quite difficult to achieve 
desirable surface profile. Hence, rendering based on the visual texture information is 
more flexible for the rendering process and the approach could be used in generating 
sophisticated textures. In this case, rendering based on the visual information 
outperforms the sine wave based rendering although the stability of the forces needs 
to be compromised. 
However, the study results based on users’ perceived feedback also indicate that 
haptic rendering that depends on visual texture information could only be suitable for 
certain types of cloth textures. Thus, careful consideration is needed when using the 
proposed haptic search framework especially to those who need to employ a particular 
haptic rendering. Decision should be made based upon the profile of the cloth textures 





In the previous chapters, the research works presented include the investigation of 
the related literature, the methodology used, the proposed framework, how the 
experiments to validate and verify the framework were conducted, and the analysis of 
the experiments results. This chapter aims to summarize the research work described. 
Most importantly, it is aimed to address the research objectives as stated in chapter 1. 
This chapter ends with some recommendations and future works of the research.  
5.1 The Framework 
Since this research is aimed to fill the gap between Content Based Image Retrieval 
(CBIR) and also Computer Haptic (CH) research area, as presented in chapter 1, a 
haptic texture search framework was proposed in order to meet the research objectives. 
The study of the existing frameworks, both CBIR and haptic rendering, presented in 
chapter 2 provides a basis in the development of the conceptual framework.  
Initially, the development of CBIR framework was investigated by several 
researchers [14-15, 27]. The current trend in CBIR has shifted its focus from global to 
local extraction. On the other hand, the development of haptic rendering, especially 
texture rendering, has a tendency to borrow algorithms from other research domains 
in order to generate the haptic texture surfaces. In this case, in designing the proposed 
framework, methods in CBIR has been borrowed and combined with haptic.  
For this research, the framework design focuses on the cloth texture. This 
approach is proposed to complement research conducted in clothes searching which 
did not include haptic feedback [17]. The development of the framework involved the 
haptic rendering algorithm and also CBIR algorithm. The details of the design are 
presented in chapter 3. 
  79
To support the underlying research, the framework was validated through several 
experiments on to the components of the framework. The intention is to ensure that 
the framework works.  
5.2 Validation and Verification of the Framework 
The experimental results and verifications of the framework were presented in 
chapter 4. The experiments were conducted to ensure validity of the framework and 
the components which support the framework. The main experiments consist of 
verification on the query algorithm performance, and haptic texture rendering 
algorithm. A user perceptual analysis was then conducted to validate the framework.  
The first experiment was conducted to measure the performance and the optimum 
variable used during the searching process. Since the texture data characteristic is 
represented as a feature vector, the number of feature vector element would affect the 
performance during query process. In the data distribution analysis the results show 
that the number of elements was affecting the separation of the data. The higher the 
feature elements are a better data the separation will be achieved. This result is 
presented in chapter 4, section 4.1.2.  Hence, the distribution model of the texture data 
tends to become a Gaussian distribution. Based on the findings, the query algorithm is 
employed to measure the distance of the data based on the relative distance of the 
particular data to its distribution. The test shows that the number of feature vector 
elements is affected and also has an optimum number of elements. The testing shows 
the optimum number of elements is around 20 elements with an error rate lower than 
1% for each classifier.  
The second experiment was conducted to analyze the stability of the haptic 
rendering algorithm used in the rendering process. The stability analysis is important 
to enhance the realism of the rendering. This could be achieved by minimizing or 
removing the variable that contributes to the unstable forces generated by the devices 
used. Based on the investigation and validation, the result shows that characteristics of 
the haptic device affected the stability of the haptic rendering; hence, the surface 
profile and also the value, such as damper and stiffness are also affecting the stability 
of the rendering process. During the experiments it shows that higher stiffness value 
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will disturb the stability and causes vibration. Hence, if the value is extremely high, it 
will produce glitch and would damage the devices. The detailed results of the 
experiment are presented in chapter 4, section 4.3.  
For verification purpose of the framework, a user perception testing was 
conducted. The result shows that haptic feedback has a contribution to the framework 
in terms of improving the user perception on texture. User perception testing shows 
that haptic rendering based on different algorithms has resulted in different user 
perception and user feedback. The results shows that a simple texture rendering based 
on a sine wave is providing more stable forces rather than employing a haptic 
rendering algorithm based on visual information. However, based on users’ feedback 
the latter algorithm is more suitable for generating sophisticated surface texture. 
These results are presented in a more detailed manner in chapter 4, section 4.4. 
5.3 Research Objectives Completion 
At present research work on texture rendering in CBIR and CH has been 
conducted separately. This leads to an investigation that reveals the gap between the 
approaches in CBIR and CH that needs addressing. Focusing on the cloth texture, the 
objectives of this research are: 
1. To design a haptic texture search framework 
2. To validate the haptic texture search framework 
The framework is proposed to prove and to verify the research idea and research 
question. The first objective is aimed to design a framework that integrates rendering 
techniques in both CBIR and CH area in order to feel cloth textures haptically.  This 
objective is addressed and answered in chapter 3.  
The second objective focuses on validation and verification of the components 
that formed the framework and their performance. The second objective is described 
and answered in chapter 4. The results obtained during the experiments have led to 
the following findings: 
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• How the performance of the searching algorithm is and the variable(s) to 
enhance it. Over all the searching performance is shown that the accuracy 
is more than 90%. The optimum number of elements that used in the 
searching process is 20 elements. 
• The causes for unstable forces during the haptic rendering process and 
how to overcome such instability were obtained from the findings. It is 
shown that the unstable forces and the vibration occurred because of the 
limitation of the devices and texture profile. Hence unstable forces were 
generated because of the stiffness coefficients were too high. To reduce the 
unstable behavior, the stiffness of the surfaces should be reduced and the 
surface profile should be manipulated to reduced spikes. 
• Users’ reactions to the different haptic texture rendering. User testing 
perception shows that the different rendering algorithm provides different 
user perceptions. Overall rendering based on the combination of sine 
waves were provided more stable forces although it lack of detail. In the 
other hand rendering based on visual information were provided better 
detail yet it unstable compared to the sine waves. 
5.4 Limitation of the Research 
The limitation of this research includes the design of the framework is restricted to 
only on cloth textures. Thus, the verification of the components in the framework is 
limited to the cloth texture data. Should other types of surface texture materials are 
used a more generalized results could be made on the proposed framework. The 
research limited to specific haptic device, (Phantom Desktop haptic device). 
5.5 Research Contribution 
A framework that integrates CBIR into computer haptic to enable retrieval of 
cloth texture information both visually and haptically has been proposed. Haptic 
rendering based on extracted visual information (ch
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enable interaction with the virtual texture. The findings (Chapter 4) show that visual 
information provides richer surfaces profile and also similar result to the real cloth 
texture.  
A methodological approach to render the virtual cloth texture was investigated. 
The rendering process by extracting the visual information based on the wavelet 
decomposition has been employed. The simulation of the virtual texture based on the 
particular method has enable interactions of the user and the virtual cloth texture.  
The substantive contribution in chapter 4 that investigate the user perception of 
the virtual texture prototype shows that the proposed framework could simulate the 
cloth texture similar to the real world cloth texture. Hence the rendering method 
employed by author was enhanced Wu [20]haptic rendering approach. 
5.6 Suggestion and Future Work 
The findings and results during the investigation have provided information that 
can improve the research work and also provide information about the possibility of 
the research to be expanded into a more advanced level. These suggestions and future 
work can be explained as follows.  
Firstly, to improve the quality of haptic texture rendering, we have to consider the 
stability issue. The stability issue appears because the haptic device cannot handle the 
instructions to generate the forces. Hence, the stability issue occurs due to the nature 
of the devices that employed the spring and damper system. By adjusting the damper 
and spring value, unstable forces can be reduced. 
Secondly, at present most of the haptic surface profiles are generated based on the 
simple waves and its combination. Therefore, the development on the haptic 
rendering has led to a more advanced algorithm that employed fourier series, 
stochastic model, texture scanning and mapping. To improve the quality of the 
surfaces, it is possible to employ 3D reconstruction to the texture surfaces. By 
employing this technique, the surfaces profile will become richer and would be more 
realistic.  
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Lastly, for the searching purposes, unsupervised learning could be employed in 
the future work. This searching type can search the data without learning process 
although the accuracy of the searching process will not outperform the supervised 
learning. Since the data tends to become a Gaussian distribution, the clustering 
method and manifold method would be suitable for the searching process.  
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Force Distribution Recapitulation 
Wave Length = 1mm    
K      A 0.1 0.2 0.3 0.4 0.5 0.6 0.7 
0.1 0.098 0.099 0.098 0.099 0.091 0.089 0.099 
0.2 0.18 0.18 0.17 0.17 0.19 0.19 0.19 
0.4 0.38 0.37 0.38 0.39 0.39 0.39 0.39 
0.6 0.58 0.56 0.57 0.59 0.58 0.58 0.58 
0.8 0.80 0.79 0.80 0.79 0.80 0.78 0.79 
1 0.99 0.99 0.98 0.97 0.97 0.99 0.98 
 
Wave Length = 2mm 
K      A 0.1 0.2 0.3 0.4 0.5 0.6 0.7 
0.1 0.097 0.098  0.098  0.096  0.095  0.09  0.094  
0.2 0.17  0.18  0.18  0.18  0.19  0.18  0.19  
0.4 0.37  0.36  0.35  0.38  0.39  0.39  0.39  
0.6 0.59  0.57  0.59  0.59  0.59  0.60  0.58  
0.8 0.81  0.79  0.80 0.81  0.82  0.80  0.81  
1 0.99  0.99  0.98  0.97  0.97  0.99  0.98  
 
Wavelength = 3mm 
K      A 0.1 0.2 0.3 0.4 0.5 0.6 0.7 
0.1 0.098  0.098  0.098  0.097  0.093  0.094  0.095  
0.2 0.18  0.19  0.19  0.17  0.19  0.20  0.20  
0.4 0.38  0.35  0.36  0.37  0.39  0.38  0.38  
0.6 0.58  0.56  0.58  0.57  0.57  0.60  0.58  
0.8 0.83  0.81  0.78  0.81  0.80  0.78  0.79  
1 0.98  0.98  0.97  0.96  0.97  0.98  0.99  
        
 
 
Wavelength = 4mm 
K      A 0.1 0.2 0.3 0.4 0.5 0.6 0.7 
0.1 0.099 0.097  0.097  0.099  0.096  0.096  0.095  
0.2 0.19 0.18  0.18  0.16  0.17  0.18  0.19  
0.4 0.39  0.38  0.39  0.38  0.38  0.39  0.39  
0.6 0.57  0.59  0.58  0.59  0.58  0.59  0.58  
0.8 0.81  0.79  0.77  0.80  0.79  0.81  0.80  
1 1.03  1.00 0.99  1.10  1.00 0.99  1.21  
 
Wavelength = 5mm 
K      A 0.1 0.2 0.3 0.4 0.5 0.6 0.7 
0.1 0.010 0.099 0.098  0.099  0.098  0.097  0.096 
0.2 0.19  0.18 0.19  0.17  0.19  0.19  0.18 
0.4 0.40  0.39 0.39  0.39  0.39 0.38  0.40 
0.6 0.59  0.59  0.59  0.58  0.59  0.61 0.58 
0.8 0.82  0.79  0.80  0.81  0.80  0.78 0.79 




Wave length 1mm Wave length 2mm 
  
  
Wave length 3mm Wave length 4mm 
  
  




Error Rate Recapitulation 
Linear 
Norm1 Norm2 Std dev Avrg residual entropy 
0.9071 0.9048 0.8765 0.9326 0.9088 
0.7346 0.8676 0.7304 0.6426 0.7638 
0.5464 0.85 0.597 0.4475 0.6784 
0.4256 0.8189 0.5912 0.3481 0.6134 
0.4127 0.7991 0.3949 0.327 0.6014 
0.2911 0.7849 0.2712 0.2434 0.49 
0.2182 0.774 0.214 0.1991 0.4299 
0.2109 0.7623 0.1886 0.1718 0.4212 
0.1769 0.7572 0.1744 0.1259 0.3955 
0.1544 0.7525 0.1707 0.1145 0.3754 
0.1386 0.7447 0.1489 0.1099 0.365 
0.1267 0.7281 0.1301 0.1022 0.3584 
0.1157 0.723 0.1237 0.099 0.3419 
 
Quardatic 
Norm1 Norm2 Std dev Avrg residual entropy 
0.8661 0.8656 0.8584 0.9212 0.8666 
0.6899 0.8379 0.7063 0.5719 0.6389 
0.4606 0.82 0.554 0.3503 0.5241 
0.3198 0.7755 0.5337 0.2409 0.4041 
0.3068 0.746 0.3248 0.2226 0.3936 
0.1672 0.7065 0.1607 0.1461 0.2459 
0.1072 0.6691 0.1057 0.1022 0.1727 
0.0917 0.6361 0.0744 0.0605 0.1594 
0.0527 0.6205 0.061 0.0311 0.1113 
0.0348 0.6057 0.0562 0.0228 0.084 
0.021 0.5903 0.0327 0.0179 0.0683 
0.0126 0.558 0.0199 0.014 0.0524 
0.0068 0.5432 0.1066 0.0119 0.0411 
 
Mahalanobis 
Norm1 Norm2 Std dev Avrg residual entropy 
0.9222 0.9225 0.8825 0.9358 0.9229 
0.7778 0.8967 0.7457 0.6357 0.7425 
0.5483 0.8834 0.6211 0.4036 0.6304 
0.4213 0.8495 0.6301 0.3056 0.5534 
0.4291 0.8352 0.4366 0.3041 0.5639 
0.2899 0.8229 0.3012 0.2453 0.4528 
0.2273 0.8144 0.2648 0.2047 0.4044 
0.2228 0.8051 0.2537 0.1759 0.4227 
0.1684 0.813 0.2491 0.1355 0.357 
0.1339 0.8151 0.2382 0.1333 0.3025 
0.114 0.8208 0.2042 0.1312 0.2963 
0.0999 0.8139 0.1803 0.142 0.2857 





Energy Norm1 Norm2 Std dev Avrg residual Entropy 
1 0.8661 0.8656 0.8584 0.9212 0.8666 
2 0.6899 0.8379 0.7063 0.5719 0.6389 
3 0.4606 0.8200 0.5540 0.3503 0.5241 
4 0.3198 0.7755 0.5337 0.2409 0.4041 
5 0.3068 0.7460 0.3248 0.2226 0.3936 
6 0.1672 0.7065 0.1607 0.1461 0.2459 
7 0.1072 0.6691 0.1057 0.1022 0.1727 
8 0.0917 0.6361 0.0744 0.0605 0.1594 
9 0.0527 0.6205 0.0610 0.0311 0.1113 
10 0.0348 0.6057 0.0562 0.0228 0.0840 
11 0.0210 0.5903 0.0327 0.0179 0.0683 
12 0.0126 0.5580 0.0199 0.0140 0.0524 
13 0.0068 0.5432 0.1066 0.0119 0.0411 
 
 
Quadratic 
 
 
Linear 
  95
 
Mahalanobis 
 
 
